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In the past fifteen years, studies have shown that large grain refinement of 
polycrystalline metals and alloys may improve their strength and hardness but 
ductility invariably suffers during mechanical tensile testing at room temperature. It is 
well known that materials subjected to severe plastic deformation (SPD) and heavy 
straining like extrusion and forging exhibit similar trends. Strength and ductility are 
key mechanical properties that measure the performance and applicability of structural 
materials but often these properties are competing in nature, i.e., a material is either 
high in strength or high in ductility but seldom both. For severe plastically deformed 
materials that are ultrafine grained or even in the nanocrystalline range, the plastic 
deformation mechanisms that govern dislocation generation and slip in conventional 
grain sized materials may be limited or changed leading to the observation of  
interesting mechanical properties like very high ductilities even at room temperatures. 
As a result, there has been a widespread interest in producing highly refined 
microstructures for a wide range of metals and alloys in an attempt to further enhance 
their mechanical properties that conventional processing methods are unable to 
produce. 
 
In this study, equal channel angular pressing (ECAP) was chosen as the SPD method 
to process Mg alloy AZ31 to produce a highly refined microstructure in order to study 
the relationship between the resultant microstructure and mechanical properties. 
ECAP is widely regarded as an effective grain refinement process for the fabrication 
of bulk and very fine grained materials. AZ31 is a popular wrought Mg alloy that has 
tremendous potential in seeing wider structural applications if the strength and 
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ductility of this light alloy can be further enhanced. Given the increasing demand of 
lighter and more efficient automotives and aircrafts as well as the demand for greater 
portability of personal equipment through weight savings, the development of high 
performance materials through fundamental study of the origin of strength and 
ductility associated with highly refined microstructures has become ever more 
important and relevant. 
 
The approach adopted in this study is to understand the subject matter from both 
fundamental principles and experimental observations. In the first part of this study, 
the ECAP process is reviewed and studied by numerical simulation to determine the 
influence of the die and processing parameters on the plastic strain distribution in the 
workpiece. Homogeneity of grain refinement in an ECAPed workpiece is directly 
related to its strain distribution and the ECAP die channel intersection angle Φ and 
processing route was found to have the most significant effects on uniformity of strain. 
With this knowledge, an effective ECAP die was designed to impose sufficient strain 
per ECAP pass and also to provide the maximum amount of strain homogeneity. 
 
The annealing processes, i.e. recovery, recrystallisation and grain growth for cold 
deformed AZ31 was studied to understand more about the mechanisms and kinetics of 
these thermal processes. It was important to ascertain information on recrystallisation 
temperature, recrystallisation kinetics and grain growth kinetics for AZ31 as firstly 
there is a lack of experimental data available and secondly, ECAP for AZ31 is 
invariably conducted above room temperature which therefore would experience the 
effects from heating. As the resultant grain size after ECAP is significantly influenced 
by these annealing processes, the understanding and proper control of ECAP 
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temperature and processing time will further enhance the grain refinement process. It 
was found that AZ31 recrystallise around 150oC after large deformation. 
 
The grain refinement mechanism of AZ31 via ECAP was studied by examining the 
microstructural evolution before, during and after the processes. On top of the 
mechanical shearing of material during ECAP, recrystallisation and growth of newly 
formed grains immediately after shear deformation in AZ31 are key processes that 
assist in the grain refinement of the material. It was found that the grain refinement 
mechanism of AZ31 differed from highly formable materials like Al such that the 
latter is more dependent on processing route to encourage an interaction of shear to 
produce new grain boundaries. For the former, recrystallisation induced by large 
deformation holds the key to refinement which benefited from data obtained from the 
knowledge of recrystallisation temperature and kinetics. A model for the grain 
refinement mechanism via ECAP for AZ31 was therefore proposed. 
 
The relationship between the ECAPed microstructure and mechanical properties of 
AZ31 was studied. Grain size of AZ31 after four ECAP passes was well below 2 µm 
with subgrain structures in the range from 500 to 800 nm. Strength after ECAP was 
significantly improved but at the cost of ductility. However, the texture after ECAP 
was found to be aligned in the basal plane that favored dislocation slip in hcp 
structured AZ31. It was found subsequently that the basal texture and the use of a 
suitable heat treatment to recover formability but avoiding grain growth to maintain a 
refined microstructure preserved yield strength while significantly regaining ductility. 
Through the post-ECAP heat treatment, it was demonstrated that the favourable 
combination of strength and ductility can be obtained for AZ31. The yield strength of 
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these ECAPed then annealed AZ31 was typically above 220 MPa with the ductility of 
about 20%. Taking the low density of AZ31 into consideration, the specific strength 
was thus significantly improved. In the ECAPed state, the very fine grained AZ31 was 
sensitive to strain rate during tensile testing at room temperature due the presence of 
large volume of grain boundaries after grain refinement. The significant reduction in 
the value of activation volume suggests that the deformation mechanism for the very 
fine grained AZ31 could be limited by the grain boundaries, shifting away from that of 
a pure dislocation generation and slip mechanism in conventional coarse grained 
AZ31. 
 
New insights into the microstructure evolution and mechanical properties of severe 
plastically deformed AZ31 have been gained through this study to link up the 
relationship between grain refinement, texture, deformation mechanism and 
microstructural stability. The performance of AZ31 had also been shown to be 
enhanced through a mechanical-thermo processing route which conventional 
processing methods could not achieve previously. From an application point of view, 
this study has demonstrated very clearly the potential of the ECAP process and AZ31, 
also very possibly extendable to other Mg alloys, to be incorporated into practical 
industrial applications. It is reasonable to believe that very fine grained Mg alloys 
produced from severe plastic deformation can be established for commercial 
production in the foreseeable future.   
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This chapter is an introduction to the present thesis which reports on the research of 
magnesium alloy processed by a severe plastic deformation method. In this chapter, a 
review is made on severe plastic deformation, focusing on the method of equal 
channel angular pressing. A brief history of the equal channel angular pressing process, 
the principles of the method and the current state of research is reviewed. A section is 
devoted to the discussion of magnesium and its alloys, with particular emphasis on 
their unique mechanical properties when subjected to severe plastic deformation. 
Through this introduction, the motivation, relevance and potential to contribute 
towards knowledge of this research are presented. At the end of the chapter, the aim 
and scope of the thesis are defined.   
 
 
1.1 Severe plastic deformation 
Severe plastic deformation (SPD) has gained the interest of material engineers and 
scientists in recent years as the alteration of microstructure into ultra-fine and even 
nanostructured grains resulting in unique physical and mechanical properties [1]. 
Traditional forming methods like cold rolling, extrusion and forging can improve 
mechanical properties, and the corresponding microstructure refinement can be 
significant when processed at sufficiently low temperatures. However, the resultant 
microstructures are usually still in the micron range (>10 μm) and are cellular in 
nature, characterized by elongated grains with low angle boundaries as substructures. 
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SPD methods provide an alternative to these traditional processes to impart very large 
deformations to samples at high pressures and at relatively low temperatures to form 
fine (<10μm) and even ultra-fine (<1μm) grained microstructures [2]. Commonly used 
SPD methods include, but are not limited to, severe torsion straining, equal channel 
angular pressing and mechanical milling. These three processes have common 
characteristics that qualify them as SPD techniques. Firstly, they are able to impose 
very large deformations to material samples while keeping them free from mechanical 
damage and cracks (except in the case of mechanical milling where post processing is 
required to compact the milled powders into bulk samples). Secondly, these processes 
are able to form ultra-fine grains and/or nanostructured microstructure within the 
whole volume of the processed samples and with reasonable homogeneity in size 
distribution. Each of these processes has their advantages and limitations, which when 
suitably employed, are very effective SPD techniques. The potential in using SPD to 
create fine grained microstructures in different metals and alloys to obtain improved 
mechanical properties like strength and toughness opens new opportunities for 
material applications in areas previously thought unsuitable. The next section gives an 
introduction to the SPD method of equal channel angular pressing which was used in 
this study.       
 
 
1.1.1 History of equal channel angular pressing 
Equal channel angular pressing (ECAP) is a processing technique in which a metal or 
an alloy is subjected to SPD through shear without a corresponding change in the 
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external and cross sectional dimensions of the workpiece 1 . This technique was 
invented in 1972 and first described by Segal in 1974 [3]. Segal and his co-workers 
began early work in ECAP in the 80s [4] in which the objective was to introduce 
intense plastic strain into materials without changing the cross sectional area of the 
billets. It was known then that large plastic deformation was effective in altering the 
grain structures of materials and also to improve mechanical properties. Before the 
ECAP process, traditional metal working processes like rolling, forging and extrusion 
were employed to plastically deform metals. These methods required large 
deformation loads with multiple reductions of the initial dimensions of the workpiece. 
With ECAP, Segal et al. demonstrated that consistent plastic deformations can be 
imparted to a workpiece without changes to its external dimensions. In the early 90s, 
this technique was further developed and applied as a SPD method for the processing 
of bulk and fully dense materials to obtain microstructures in the submicron and nano-
scale regions [5-7]. In the mid-90s, research on ECAP gained momentum as interests 
in ultra-fine and nanocrystalline grained materials increased. Since then, there have 
been numerous reports of the processing of a wide range of materials by ECAP to 
refine grains [8-14] and to improve mechanical properties such as strength [15-17], 
ductility [18, 19], fatigue resistance [20, 21] and low temperature superplasticity [12, 
22-24]. In recent years, studies on ECAP also involved the analysis of shear 
characteristics during deformation [25, 26], texture [19, 27, 28] and the study of grain 
refinement mechanism during ECAP [29-32]. Lately, there had been interest in finite 
element modeling (FEM) of the ECAP process [33-35] and development of innovative 
improvements to the ECAP process and dies [36-38] . Development of the ECAP 
process since its introduction nearly twenty years ago has been consistently built up on 
                                                 
1 The equal channel angular pressing (ECAP) process is also known as equal channel angular extrusion 
(ECAE) and equal channel angular forging (ECAF) in literature. These three names generally refer to 
the same process but this thesis adopts the acronym ECAP as the best reference to the technique.  
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theoretical studies and experimental works. Despite the progress in the research of 
ECAP, it is believed by the author that the fundamental investigations still require 
further work, and important discoveries and knowledge are waiting to be uncovered.  
 
 
1.1.2 Principle of ECAP 
The general principle of ECAP is shown schematically in Fig. 1.1. The ECAP die is a 
block in which two channels of identical cross sections intersect at an angle Φ. A 
lubricated billet of the same cross-section is inserted into one of the channels and a 
plunger is used to press the billet into the intersecting channel. As a result of the 
pressing, the billet undergoes shear at the intersecting plane of the channels but it 
retains the same cross section so that it is possible to repeat the process by reinserting 
the deformed billet into the die. Therefore, the accumulation of strain from repeated 





























Figure 1.1: Schematic diagram of ECAP process. 
 
 
The deformation induced on the billet is schematically shown in Fig. 1.2. A cubic 
element in the billet undergoes shear as it passes through the shear plane. The billet 
can be considered as an aggregate of these cubic elements undergoing shear 
deformation. Fig. 1.3 illustrates the section of an ECAP die showing the two internal 
angles Φ and Ψ, where Φ is the angle of the channel intersection and Ψ is the angle of 
the outer corner curvature. Variations in the designs of the ECAP die can be made by 











amounts of shear strain and the Von Mises equivalent strain on a deformed billet are 
dependent on the values of Φ and Ψ. Since repeated pressing is possible, very high 











































Figure 1.3: Sectional view of ECAP die showing channel intersection angle Φ and 
angle of outer corner curvature Ψ. 
 
 
1.1.3 Estimation of strain in ECAP 
The strain induced on a billet after undergoing ECAP can be calculated by considering 
the geometry of a square element that has undergone simple shear in the ECAP die, as 
shown schematically in Fig. 1.4. The analysis of strain is derived by assuming 
frictionless conditions between the material and the channel surfaces for a square 





















Figure 1.4: Section through an ECAP die showing geometry of shear of a square 
element abcd where Φ is angle of intersection of the two channels and Ψ is the angle 
subtended by the curvature of the outer corner: (A) when Ψ = 0, and (B) when Ψ has a 
value Φ−≤Ψ≤ π0  [39]. 
 
 
In Fig. 1.4(A), the square element abcd  is deformed in a die with Ψ = 0 where 
shearing occurs as it passes through the shear plane. The deformed element is denoted 




qd=γ . Geometrically, 








cot2' dcqd . Therefore, 









































The shear strain obtained in Eq. 1.1 has first been derived by Segal et al. [4] by 
considering the case of a square die. In Fig. 1.4(B), a more general case is considered 
by Iwahashi et al. [39] where a square element abcd  is subjected to shear deformation 
























cosec' dcduocouduvb . 










cot2γ       (1.2) 
 
Inspection shows that Eq. 1.2 reduces to Eq. 1.1 when Ψ = 0, and to 
Ψ=γ when Φ−=Ψ π . 
 





















Since the billets can be repeatedly passed through the die, accumulating the same 
















Nε      (1.4) 
 
Therefore, for any given value of Φ and Ψ, the accumulative strain can be estimated 
from Eq. 1.4 for a multi-pass ECAP process. The angle Φ plays a significant role in 
determining the amount of plastic strain induced on the billet per ECAP pass. For Φ = 
90o, the strain is approximately 1 per ECAP pass for any given Ψ. By decreasing Φ to 
60o, the strain imparted per ECAP pass nearly doubles to 2 when Ψ = 0. In comparison, 
strain per pass is approximately 0.6 when Φ = 120o. In practice, the value of Φ is 
usually chosen to be between 90o < Φ < 120o in a compromise to prevent premature 
billet failure during multi-pass ECAP and to induce a sufficiently large strain per 
ECAP pass. Acute angles of Φ subject the billet to shear fractures due to the high 
stresses built up at the inner corner of the die. However, a recent study by Furuno et al. 
[40] demonstrated that ECAP dies with Φ = 60o is possible for very deformable metals 
like annealed pure Al. Nevertheless, that particular study reported that the grain size 
refinement and resultant mechanical properties did not significantly improve over 
similar materials processed with the more conventional dies with Φ = 90o. On the 
other hand, the effect of angle Ψ appears to be less significant in determining the 
amount of plastic strain imparted to the billet. However, it is shown in Chapter 3 
through finite element modeling that sharp outer die corners leads to the development 
of a zone with unfilled material which subjects the billet to a free surface. This 
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undesirable void during deformation can be avoided by having an outer corner 
curvature of 20o < Ψ < 60o so that the material flow is smooth throughout the entire 
ECAP process.   
 
 
1.1.4 Interaction of shear 
When a billet is repeatedly pressed in an ECAP die, there is an interaction of shear 
pattern in addition to strain accumulation in the material when the billet is rotated in 
between every additional pass. It is possible to define four sets of rotation schemes 
denoted as route A, BA, BC, and C [25] as shown schematically in Fig. 1.5. In route A, 
the billet is not rotated between additional ECAP passes. Route B involves rotating the 
billet 90o between passes, which is subdivided into route BA and BC in which BA 
rotates billets 90o in alternate directions between successive passes while BC rotates 
billets 90o in one direction between successive passes. Route C rotates billets 180o 
between each pressing. Other variations of ECAP routes are combinations of the four 
























Figure 1.5: ECAP routes A, BA, BC and C. 
 
 
The interaction of shear associated with the different processing routes can be 
considered by knowing the interaction of the shear planes experienced by the billet. In 
Fig. 1.6, the cubes represent the section where the channels of a square cut die with Φ 
= 90o and Ψ = 0o intersects. For route A, the cubic section shows only 1 set of shear 
plane since the shear plane remains the same in all passes as the billet is not rotated in 
between passes. For route BA, the cubic section shows 2 sets of shear planes the billet 
experiences. For Route BC, the shear plane changes with each billet rotation but 
returns to the shear plane in the first pass on every 5th pass. Shear planes in route C are 
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Figure 1.6: Interaction of shear plane for ECAP routes A, BA, BC and C for the first, 
second, third and fourth ECAP passes.  
 
The interaction of shear can be further illustrated by Fig. 1.7 where a cubic element 
undergoes shear in a square die. If a section is taken on the deformed element in plane 
x as shown, the profile of the deformed element in that plane can be obtained.  
Inspection of the shearing patterns in Fig. 1.7 shows that there are significant 
differences between the four processing routes. In route A, the samples are introduced 
to the same shear plane in every pass and led to a progressive compression of the 
grains in plane x as illustrated by the shaded rectangles. In plane y, the deformed 
element becomes progressively elongated in the x-axis. Hence, the important 
characteristic of processing by route A is the development of distortions on plane x 
Route A
















and y. In route BA, the element is subjected to progressive compression in plane x with 
net distortion. In route BC, the element experiences distortion in plane x but the initial 
profile is restored after every four consecutive passes. In route C, the element’s initial 
profile is restored after every alternate pass on plane x. The significance of rotating 
billets about the x-axis has been studied by examining the resultant microstructure of 
the deformed samples processed by the different routes [8, 41-43]. Based on these 
studies, it was concluded that an array of refined and equiaxed grains which are 
separated by high angle boundaries can be produced most effectively by using route 
BC while routes A, BA and C are less effective [44]. The effectiveness of route BC in 
producing ultrafine grained microstructure is further supported by studies on Al alloy 
and Ti [16, 45]. Its effectiveness is obvious after inspecting the shearing planes and 
shearing patterns discussed earlier. A billet that has undergone route BC is exposed to 
larger angular ranges of shear compared to routes A, BA and C by virtue of the 
interaction of shear planes. Secondly, there is a net restoration of equiaxed structure to 
the initial state after every four consecutive passes. Thirdly, since the billet is rotated 
through four shear planes, there is net deformation on all three planes leading to a 
better distribution of strain. Therefore, route BC is the more effective route to produce 





















Figure 1.7:  Shearing patterns in plane x for route A, BA, BC and C in ECAP die with 
Φ = 90o [26]. 
 
 
1.1.5 ECAP of polycrystalline materials 
The most direct consequence observed in metals and alloys after ECAP is the 
refinement of the microstructure, even only after a single pass. Grain refinement is 
observed in almost all equal channel angular pressed (ECAPed) polycrystalline 
materials, but the degree of refinement is dependent on the processing route used, 
number of passes, temperature and geometry of the dies. In some instances, submicron 
and even nanocrystalline grains have been reported for Ni, Ti and some Al alloys [1, 
14, 16]. Fig. 1.8 shows a collection of data of grain sizes for selected ECAPed 
materials plotted with respect to the number of ECAP passes they were subjected to. 
The trend from the data shows that ECAP is effective in refining the microstructure of 
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a wide range of materials and the level of refinement is substantial. However, it is 
impetus at this point to assume that finer grain sizes must be obtained with more 
ECAP passes. It is also yet to be proven conclusively whether or not an ultimate stable 
grain size exists for different ECAP conditions. The mechanism for the limit in 
refinement is currently unknown but it is very likely to be related to the 
thermodynamically stable state for a material system under a certain amount of 
deformation. In general, smaller grain sizes can be expected when ECAP is carried out 
at a processing temperature as low as feasible. On the other hand, it is acknowledged 
that the homogeneity of the microstructure does require multiple ECAP passes in 














Figure 1.8: Grain size of selected metals and alloys versus number of ECAP passes 
[13-16, 46, 47]. 






























Grain structure of materials after multiple ECAP passes is generally characterized by 
large amounts of high angle boundaries with fairly homogenous distribution of 
equiaxed grains and low angle boundaries or subgrain structures can be observed 
within the grains. Studies by high resolution transmission electron microscopes (TEM) 
have revealed that a high density of dislocation networks, subgrain structures and 
grain boundaries having high-energy nonequilibrium configurations are also present. 
Although ECAP produces significant grain refinement in pure metals and alloys, the 
microstructure is often unstable at elevated temperatures due to the presence of high 
energy grain boundaries and large density of defects. Therefore, mechanical properties 
of ECAPed materials at higher temperatures can be affected by the changes in the 
microstructure and superplastic ductility can be achieved if the ultrafine grain size can 
be retained at high temperatures [48-50].   
 
The grain refinement mechanism during ECAP is one of the important areas needed to 
be better understood. While it is generally believed that the grain refinement 
mechanism involves the combination of mechanical shear, accumulation of strain 
and/or dynamic recrystallisation during ECAP, it remains arguable and unclear given 
that the existing models may not be directly applicable in all situations. Also, while 
most studies have reported some degree of grain refinement from ECAP, the actual 
grain refinement mechanism still remains as a vague description. A mechanistic view 
of a general grain refinement mechanism for ECAP is based solely on the geometry of 
shear deformation. However, it becomes inadequate when applied to materials which 
do not fulfill the assumptions on which the models are being built upon. Segal [30] 
proposed a grain refinement model based on the formation of shear bands and 
subgrain rotation. The model forms the backbone of a general mechanism which is 
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largely acceptable but some explanations remain unclear and require further study. A 
model was later proposed by Zhu et al. [31] based on the observation of various 
studies on ECAP. It was proposed that grain refinement is primarily the result of the 
interaction of shear plane with texture and the crystal structure, with a secondary role 
coming from the accumulation of redundant shear strain after multiple ECAP passes. 
Although the description of the grain refinement mechanism is further improved from 
that of Segal’s, further work is needed to strengthen their postulations with 
experimental proof. More recently, Xu et al. [32] studied ECAPed Al alloy deformed 
at room temperature and proposed a model where the grain refinement process is 
believed to be the result of the mechanical shearing of grains, and equiaxed grains are 
formed when the elongated arrays of grains are subsequently sheared in other 
directions. This model is by far one of the more descriptive and feasible models 
proposed, but it describes a face centre cubic material system with inherently high 
formability and ductility which deforms primarily by dislocation slip. It may not be 
suitable for hexagonal closed packed systems where there are limited dislocation slip 
systems and twinning is an integral part of the deformation mechanism. The grain 
refinement mechanism for such systems cannot be considered solely using a 
mechanical or geometric approach while neglecting any annealing processes that may 
be involved at their respective processing temperatures. Therefore, the grain 
refinement mechanism during ECAP for specific material systems remains to be 
studied in greater depth. 
 
The yield strength of ECAPed materials is generally higher than that in the unECAPed 
state. The amount of increase in yield strength, however, is dependent on many factors 
like temperature at which ECAP is conducted, processing route used and number of 
Chapter 1 
19 
ECAP passes the materials are subjected to. Before reviewing the strength of ECAPed 
materials in greater detail, the strengthening mechanisms in polycrystalline metals 
should first be known.  
 
The strength of polycrystalline materials can be increased mainly by four common 
strengthening mechanisms, namely, strain hardening, solid solution strengthening, 
particles strengthening and grain boundary strengthening. These strengthening 
mechanisms are all associated with impeding dislocation movement. The overall 
strength of a material is usually the sum of the contributions by individual 
strengthening mechanisms present. In strain hardening, dislocations are generated 
during plastic deformation and the interaction between dislocations and also with 
other barriers to impede their motion through the lattice which leads to an increase in 
strength. In solid solution strengthening, the introduction of solute atoms into solid 
solution in the solvent matrix invariably creates barriers to dislocation movement. In 
the same way, the dispersion of hard particles like oxides, intermetallics or the 
deliberate introduction of particles in the matrix strengthens the material. 
Strengthening from grain boundaries can come from an increase in the volume of 
grain boundaries arising from grain refinement. These grain boundaries act as barriers 
to prevent dislocations to cross slip from one grain to its neighboring grain. Very fine 
grains also restrict the density the mobile dislocations that are able to be present 
within them. In general, the yield strength as a function of grain size can be 
represented as Hall-Petch relation [51, 52]: 
 




where σ is the yield stress, σi is the frictional stress or overall resistance to dislocation 
movement, K is the constant which measures the relative hardening contribution of the 
grain boundaries and d is the grain diameter. The yield strength of selected ECAPed 
materials is plotted against the inverse square root of their grain size in Fig. 1.9. The 
positive slopes show that these polycrystalline materials, independent of their crystal 
structure and initial strength, increased in yield strength with the reduction of their 
grain size after ECAP. Although the graph correlates the increase in yield strength to 
grain size, the strength is contributed in part by strain hardening. Currently, it is 
difficult to estimate the proportion of strengthening from individual strengthening 
mechanisms like strain hardening and grain refinement as these mechanisms are 
complementary rather than competitive, and it differs for individual material systems 
processed under different sets of parameters. Nevertheless, data have clearly shown 
the direct relationship between strengthening and grain refinement after ECAP. 
However, this review shall not discuss the phenomenon of softening when grain size 
decreases below certain values in the nanocrystalline range in some materials which 
are commonly known as the “inverse” Hall-Petch relationship. The mechanism of 





















Figure 1.9: Yield strength of selected ECAPed metals and alloys versus reciprocal of 
square root of grain size [12, 15-17, 53, 54]. 
 
 
The room temperature ductility of as-ECAPed materials is also reduced in general due 
to strain hardening and grain refinement [55]. In materials with hard particles or 
intermetallic phases, the redistribution of the reinforcements by the interaction of 
shearing during ECAP in the matrix may also reduce ductility should they be 
positioned to be more effective in impeding dislocation movement. The extent of 
ductility reduction depends on several factors, namely, total amount of plastic strain 
imposed (dependent on number of ECAP passes), processing temperature, material 
composition and usage of post processing heat treatment [18]. On the other hand, 
superplastic ductilities due to the grain refinement for certain materials have been 
observed at elevated temperatures and are critically dependent on the applied strain 
rates, especially when the microstructure is made up of very fine equiaxed grains. In 





























some studies, low temperature superplasticity is reported for ultrafine grained 
ECAPed materials in which enhanced grain boundary diffusion assists in strain 
accommodation [56, 57]. Currently, the trend of ductility after ECAP remains 
subjective and is specific to the individual material systems. Any reference on 
ductilities of ECAPed materials should be made with respect to grain size, temperature 
and strain rate.      
 
 
1.2 Processing of magnesium alloys  
1.2.1 History of Mg and Mg alloys 
Magnesium has a hexagonal close-packed crystal structure and is the lightest 
structural metal with a specific density of about 1.74 g/cm3. It is one third lighter than 
aluminum and hence gives higher specific strength and stiffness than any of the other 
common structural metals. Mg has a long history of application in its compound forms 
but it is not until recently that the element was used in structural applications. One of 
the earliest known applications of Mg was in compound form as magnesium sulphate 
for medicinal purposes known commonly as Epsom salts in the late 1600s to early 
1700s. Joseph Black discovered magnesia in 1754 but it was only in 1808 when 
Humphrey Davy demonstrated that magnesia was the oxide of a new metal, which he 
later named magnesium [58]. The newly discovered element Mg was not isolated until 
twenty years later, when Antoine Bussy combined dry magnesium chloride with 
potassium to produce the metal in its pure form. Mg can be extracted from seawater 
by electrolysis to produce Mg metal and chlorine gas, as first demonstrated by Robert 
Bunsen in 1852. By early 1900s, Germany was manufacturing Mg commercially and 
then followed by America during World War I. Mg was used mainly as weapons in 
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that war as it burnt hot and fast. However it was only during the World War II in 1939 
when the Germans and later the Americans started using Mg for aircraft construction 
and other military applications, exploiting the low density of Mg [58, 59]. Today, 
major automotive makers produce or research into applications of Mg alloys on 
engines and car parts as they endeavor to reduce car weight and exhaust emissions 
while trying to meet increasing demands of vehicle safety standards [60]. Mg alloys 
are also used in a host of other products, such as sports equipment, for which light 
weight is an advantage. Cross country bicycle frames, suspension housings, portable 
tools, electronic equipment housing, and many other consumer products benefit from 
Mg’s light weight.  
 
 
1.2.2 Current issues in Mg alloying 
Besides the advantages of having a low density and high specific strength, Mg also 
possesses good castability, excellent machinability and weldability under controlled 
atmosphere. However, one of the reasons for the obstacle to much wider application of 
Mg lies in some poor properties such as limited ductility, formability, stiffness and 
corrosion resistance. However, recent advances in research work in Mg alloys are 
addressing these issues. Currently, Al is the most important alloying element as it 
provides solid-solution strengthening and facilitates age hardening in Mg alloys when 
present in amounts more than 6 wt. %. The Mg17Al12 phase formed, as indicated by 
the Mg-Al phase diagram in Fig. 1.10, is an effective strengthening phase. The 
addition of Zn in small amounts (1-2 wt. %) further improves castability and corrosion 
resistance of Mg alloys. Fig. 1.11 shows the different trends in the development of Mg 
alloys based on the required properties and intended applications. A large portion of 
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current applications is covered by Mg-Al-Zn series alloys like the AZ91 (Mg -9%Al -
1%Zn) which has moderate strength but only limited ductility and limited creep 
resistance over 150oC. Mg alloys designed for strength also include Mg-Si, Mg-Al-
Ca-(RE) for sand casting. Mg-Li-X alloys are super light alloys which further reduce 
density and hence improve specific strength. However, the sole addition of Li 
decreases strength but improves ductility. Creep resistance is improved by alloying 
with scandium, thorium and rare earth (RE) elements and also through the 
development of fiber or particle reinforced composites. The outlook for Mg alloys to 
gain greater applications in automotive parts and other structural applications is 
promising if strength, ductility and limited creep at elevated temperatures can be 
improved. The tremendous benefits towards improving efficiency and the 
environment, especially in automotive and aerospace applications should continue to 












Figure 1.10: Phase diagram for Mg-Al. 








































Figure 1.11: Directions of Mg alloy development [58, 59]. 
 
 
1.2.3 Mechanism of deformation for Mg  
Mg has a hexagonal closed pack (hcp) structure in which the close-packed (0002) 
basal planes and close-packed directions 〉〈 0211  forms slip systems. With a lattice 
parameter ratio c/a of 1.623 which is close to the ideal of 1.633, dislocation slip for 
Mg is preferred in the basal (0002) plane with a Burgers vector 〉〈= 0211
3
1b  (or 〉〈a  
type Burgers vectors within the (0002) basal plane) illustrated in Fig. 1.12(A). The 
basal plane possesses only 2 independent slip systems and hence it appears that Mg 
Magnesium 
Specific Strength 






































fails to satisfy the von Mises’ criterion requiring five independent slip systems for 
uniform and continuous grain ductility in a polycrystalline aggregate. Two additional 
independent slip systems for Mg are observed on the prismatic planes { 0110 } in the 
〉〈 0211  directions ( 〉〈a  type). However, Mg still fails to meet the criterion which 
required five independent slip systems. Higher order slip systems on the pyramidal 
planes { 0110 } in 〉〈 3211  directions ( 〉+〈 ac  type) which offers four independent slip 
systems on its own are present but are usually not favored as they have high critical 
resolved shear stress and are only reported to operate at higher temperatures. As such, 
it is commonly believed that the improved ductility and formability at higher 
temperatures for Mg is the result of activation of higher order non-basal slip systems. 
However, mechanical twinning is an important contribution towards plasticity for Mg 
in addition to dislocation slip. The preferred Mg twinning plane is { 2110 } with the 
twinning direction in 〉〈 1110  as shown in Fig. 1.12(B). Twinning may help to satisfy 
the deformation criterion but it is recognized that the deformation strain that can be 
accommodated by twins is small [61, 62]. More importantly, twinning in Mg results in 
the reorientation of a volume of crystal planes so that dislocations may be placed in a 
favorable orientation with respect to the stress direction so that slip can be continued 
which otherwise is immobile. However, the total volume of crystal that is reorientated 
is still relatively small and therefore Mg still has limited plasticity as compared to 
materials with face centre cubic structure that have a much greater number of slip 
systems. As such, the mechanism of deformation and hence the plasticity of Mg still 
has unanswered questions, especially during ECAP where large shear strains and 
complexity of shear interactions are imposed. It is important to understand, for 
instance, why with the apparent failure to fulfill the Von Mises’ criterion for plastic 
deformation and yet severe plastic strains can be imposed. It may be possible to apply 
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such understanding to produce and develop better and more effective Mg and Mg 





















Figure 1.12: (A) HCP structure of Mg showing common slip planes in the >< 0211  
directions and (B) mechanical twinning in Mg. 
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1.2.4 Recrystallisation of deformed Mg 
During deformation of metals, thermodynamically unstable microstructures containing 
defects, dislocations and/or subgrains are produced, and they may lower their energy 
by recovery, recrystallisation and grain growth. The usual definition of 
recrystallisation is the formation and migration of high angle grain boundaries (HAGB) 
driven by the stored energy of deformation, i.e., the formation of a new grain structure 
[62]. Recovery can thus be defined as the annealing processes that usually precede 
recrystallisation, although not necessarily a precursor, that occurs in the material 
without migration of grain boundaries. Hence, a typical recovery process includes the 
removal of point defects and rearrangement of dislocations by the formation of low 
angle boundaries (LAGB). Grain growth is regarded as the migration of grain 
boundaries driven by the purpose of grain boundary area reduction [63, 64].       
 
Recrystallisation is an important phenomenon during the heat treatment of deformed 
metals since the microstructure is modified and hence the mechanical properties are 
changed. The formation of new strain free grains is able to remove the deformed 
structure and replace it with fine rounded grains which recover ductility. Such 
modification of microstructure plays a very important role in an attempt to improve 
overall mechanical properties of a material. Recrystallisation is directly measurable by 
quantitative metallography and proceeds via a nucleation and growth mechanism 
given a sufficient deformation and temperature. The annealing processes of plastically 
deformed Mg are of significant importance during material processing for two main 
reasons. The first is to soften the processed material and to restore ductility and 
formability of the material. Due to the limited formability of Mg at room temperature, 
most plastic deformation processes of Mg take place above 50% of the absolute 
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melting temperature (0.5Tm). At these processing temperatures, recovery and 
recrystallisation are almost certainly active which help in extending the formability. 
The second reason is to control the grain structure, since recrystallisation is very 
effective in producing a new grain structure with modified grain size, shape or texture, 
especially for Mg alloys without second phase precipitates. However, only few studies 
look into recrystallisation of Mg, partly due to the fact that Mg has limited 
deformability at low temperatures. For an appropriate observation on recrystallisation 
to be made, it is necessary to create and freeze in a large amount of defects. This 
condition implies that the material needs to be deformed at sufficiently large strains 
and at low deformation temperatures. This is a combination that posts some inherent 
difficulties for Mg. In addition, it is often difficult to observe recovery and 
recrystallisation accurately since the rate can be quite fast and estimations may have to 
be made at certain instances. In practice, it is a very long and tedious process to track 
recrystallisation and the subsequent grain growth as it involves the preparation of 
large quantities of samples to subject them to different annealing conditions, after 
which the microstructures have to be studied carefully. Therefore, there are only 
limited data on the annealing response for Mg and Mg alloys, especially for those that 
are deformed at room temperature, available in the literature. As such, it is of 
significant value to better understand firstly the relationships between deformation 
with the kinetics of recrystallisation and grain growth after cold deformation.  
 
 
1.2.5 Observations in strength and ductility of ECAPed Mg 
The common strengthening mechanisms of polycrystalline materials were discussed 
briefing in section 1.1.5. Processing parameters aside, the strength and ductility of Mg 
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after ECAP can be considered simply by examining the mobility of dislocations 
present in the microstructure. Since ECAP induces severe plastic strains on the Mg 
and Mg alloys, it is reasonable to assume that the materials have undergone significant 
strain hardening. Strain hardening is contributed in part by the interaction of stress 
fields of the dislocations and dislocation interlocks. Hence, the shear flow stress τ can 
be considered to be increased when dislocation density ρ increases [65]: 
 
2/1)(ραττ Gbo +=           (1.6) 
 
where τo is the applied resolved shear stress (also known as the Peierls stress) required 
to make a dislocation glide in an otherwise perfect crystal, α is a numerical constant 
dependent on crystal structure, G is the shear modulus and b is the Burgers vector.  
 
The strength of ECAPed Mg may be contributed in another part by grain refinement 
by considering the case where dislocations pile up at the grain boundaries which act 
effectively as barriers as shown in Fig. 1.13. The stress τ1 experienced by the leading 
dislocation is magnified to n times (where n is the number of dislocations in that line) 
to the applied stress τapp such that [66]: 
 
appnττ =1           (1.7) 
 
The stress concentration due to the dislocation pile up in grain 1 increases with the 
number of dislocations, n, that come up against boundary 1. That is to say the bigger 
the grain, the more dislocations can pile up, thereby inducing a larger τ1. Activation of 
dislocations in grain 2 occurs when τ1 exceeds some critical value τ*. Hence, Eq. 1.6 
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can be rewritten for d/1=ρ  to show that the applied shear stress τapp needed in terms 
of grain size d is [61]: 
 
2/1' −+= dkoapp ττ           (1.8) 
  
where is τo the Peierls stress and k’ is a material constant. Inspection of Eq. 1.8 shows 
that the strengthening that arises from grain size reduction is that a smaller stress 
concentration is developed in the adjacent grain and hence the applied stress needed to 




























Figure 1.13: Schematic illustration showing dislocation pile-up formed in grain 1 
under an applied shear stress τapp. The dashed line indicates the preferred slip plane in 
each grain [66]. 
 
 
Although the analysis of deformation by ECAP and the strengthening mechanism in 
Mg point to an expected increase in strength and a corresponding reduction in ductility, 
some unique observations on the mechanical properties of ECAPed Mg alloys have 
been made in some studies. Yamashita et al. [15] reported improvement in both 
strength and ductility after ECAP for Mg-0.9%Al as shown in Fig. 1.14. The reasons 
stated for the improvement in both strength and ductility were due to strain hardening 
during ECAP, grain refinement and the addition of 0.9% Al. The discussion offered in 
the report is limited and does not explain the mechanism contributing to the unique 
mechanical properties observed. In another study by Kim et al. [67], AZ31 Mg alloy 
was subjected to 4 ECAP passes and the stress strain curves obtained are shown in Fig. 
1.15. In that study, yield strength of ECAPed AZ31 was lower than that of unECAPed 
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samples while ductility was generally improved. It was stated that the yield strength 
was lower despite significant grain refinement but ductility was increased due to the 
presence of deformation texture. Nevertheless, the study conceded that it was unsure 
how the effects of grain refinement, texture and strain hardening after ECAP can be 
linked up to explain the observed data. While there are no doubts that the results 
obtained in the above mentioned studies are accurate, the observations for the 
mechanical properties for the Mg alloys after ECAP require a more thorough 
investigation to obtain satisfactory explanations. It is not clear as to why severe plastic 
strains induced during ECAP increases yield strength at times but does not seem to 
have an effect on other occasions. The role of grain refinement needs to be addressed: 
does it strengthen Mg according to the Hall-Petch relationship or is it a key factor in 
the improvement of ductility? These are questions that remain arguable in the study of 














































































1.3 Aim of thesis 
The present study aims to investigate the processing, microstructural and mechanical 
properties of Mg alloy AZ31 that has undergone a multiple-pass ECAP process. The 
objectives of this research are: 
 
(1) To investigate the effects of channel design on the uniformity of strain in the billet 
via finite element modeling (FEM). Existing studies on ECAP assume plane strain 
conditions when estimating strain distribution and simulation on the deformation of 
the billets are largely studied only in 2D. The gross simplification by 2D FEM fails to 
identify potential stress in the real billet and neglect the edge effects of a real die. It is 
recognized that in practice the shape of the channel, i.e. square or round cross section, 
channel angles Φ and Ψ and the presence of friction make a difference in strain 
distribution and hence affect the effectiveness of the ECAP process to induce grain 
refinement. 3D FEM is used to study and compare the uniformity of strain distribution 
and to predict the differences in overall shape of the deformed billets to aid in the 
more effective use of the ECAP process.       
 
(2) To study the mechanism of deformation and the stability of microstructure of 
AZ31 at large deformation strains. There are only limited studies on the stability of the 
microstructure of AZ31, especially after cold deformation. The issues that need to be 
addressed are the annealing processes of recovery, recrystallisation and grain growth 
and their respective kinetics with respect to temperature, which largely are not well 
researched into and currently lack experimental data. Without the proper study and 
knowledge of these thermal processes, especially that of recrystallisation, the ECAP 
process which is necessarily conducted above room temperature cannot be analyzed 
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correctly. As a result, the evolution of microstructure during ECAP would only be 
based on assumptions and subsequent discussions on the mechanical behaviors of the 
ECAPed AZ31 will not be accurate. 
 
(3) To develop a grain refinement model for AZ31 based on microstructural 
observations during ECAP and knowledge obtained from the study of microstructural 
stability in the deformed state. Currently, a model that systematically describes the 
grain refinement mechanism for AZ31 during ECAP does not exist. Existing grain 
refinement models for ECAP are mainly based on data obtained from Al at room 
temperature using a geometric approach to analyze dislocation interaction from the 
shear that is experienced during ECAP. These models do not accurately nor 
adequately describe the grain refinement mechanisms in AZ31. The grain refinement 
model for AZ31 during ECAP differs from those existing models due to the difference 
in the mode of deformation and the effects of heat during warm ECAP. A model will 
be proposed with consideration to the factors specific to AZ31 during ECAP. 
 
(4) To study the effect of ECAP on the mechanical properties of AZ31. The strength 
and ductility of ECAPed AZ31 needs to be addressed with respect to strain hardening, 
grain refinement, texture, residual stress, strain rate and annealing as a whole. 
Literature review has shown that the existing discussions addressing the variation in 
mechanical responses of ECAPed AZ31 are not satisfactory due to the attribution of 
some observed results solely to one or two factors. As such, some mechanical 
behaviors observed after ECAP may seem to contradict one discussion with another. 
By knowing the origin of strength and ductility of AZ31 after ECAP as an aggregate 
contribution of the various factors, it is believed that such knowledge would enable an 
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accurate and proper design of suitable mechanical properties to suit the intended 
applications.   
 
 
1.4 Organization of thesis 
The thesis is organized into eight chapters. Chapter 1 is the introduction which 
presents a concise literature review of the subject of study, i.e. current issues regarding 
ECAP and Mg alloys. The objectives of the thesis are stated in response to the areas 
that need to be studied and addressed.  
 
Chapter 2 records the experimental techniques and procedures used in the course of 
study in detail. The chapter covers the material selection, ECAP process, 
metallography, XRD methods and mechanical testing. These experimental procedures 
apply throughout the thesis unless otherwise stated. 
  
Chapter 3 reports on the findings of the 3D finite element analysis of the ECAP 
process in which numerical analysis results found differences in the homogeneity of 
strain distribution by varying the channel design and die parameters.   
 
Chapter 4 reports the findings from the study of the recovery, recrystallisation and 
grain growth of AZ31 deformed at room temperature by forging in plane strain. The 
driving force and kinetics of recrystallisation and grain growth were found, and served 




Chapter 5 presents a microstructural model for the grain refinement mechanism in 
ECAP for AZ31. The proposed model considers the deformation mechanism of Mg 
and takes the annealing processes of AZ31 at the processing temperatures into 
consideration, supplemented by strong supporting evidence from microstructure 
pictures. 
   
Chapter 6 reports on the microstructural evolution and mechanical properties of AZ31 
after undergoing multiple ECAP passes. The yield strength and ductility are discussed 
with respect to the mechanisms that contribute to it and conclusive remarks on the 
mechanical properties of AZ31 after ECAP are made at the end of the chapter. 
 
Chapter 7 furthers the study by reporting on the findings from examining the 
microstructural stability of ECAPed AZ31 and the corresponding mechanical 
properties when subjected to annealing. Conclusive remarks on the usage of a suitable 
thermo-mechanical route of ECAP followed by annealing to design the required 
mechanical properties of AZ31 are made. 
 
Chapter 8 presents the conclusion to the study presented in this thesis and 









1.5 References  
 
1. R.Z. Valiev, R.K. Islamgaliev, I.V. Alexandrov, Prog. Mater. Sci., 45 (2000), 
103. 
2. M. Furukawa, Z. Horita, M. Nemoto, T.G. Langdon, Mater. Sci. Eng. A, 324 
(2002), 82. 
3. V.M. Segal, Methods of stress-strain analysis in metalforming. 1974: Minsk. 
4. V.M. Segal, V.I. Reznikov, A.E. Drobyshevskiy, V.I. Kopylov, Russ. Metall., 
1 (1981), 99. 
5. R.Z. Valiev, N.A. Krasilnikov, N.K. Tsenev, Mater. Sci. Eng. A, 137 (1991), 
35. 
6. N.H. Ahmadeev, R.Z. Valiev, V.I. Kopylov, R.R. Mulyukov, Russ. Metall., 5 
(1992), 96. 
7. R.Z. Valiev, A.V. Kornikov, R.R. Mulyukov, Mater. Sci. Eng. A, 168 (1993), 
141. 
8. V.M. Segal, Mater. Sci. Eng. A, 197 (1995), 157. 
9. J. Wang, Y. Iwahashi, Z. Horita, M. Furukawa, M. Nemoto, R.Z. Valiev, T.G. 
Langdon, Acta Mater., 44 (1996), 2973. 
10. M. Furukawa, Z. Horita, M. Nemoto, R.Z. Valiev, T.G. Langdon, Mater. 
Charac., 37 (1996), 277. 
11. J. Wang, Y. Iwahashi, Z. Horita, M. Furukawa, M. Nemoto, R.Z. Valiev, T.G. 
Langdon, Acta Mater., 44 (1996), 2973. 
12. M. Mabuchi, H. Iwasaki, K. Yanase, K. Higashi, Scripta Mater., 36 (1997), 
681. 
13. Y. Fukuda, K. Oh-ishi, Z. Horita, T.G. Langdon, Acta Mater., 50 (2002), 1359. 
14. K. Neishi, Z. Horita, T.G. Langdon, Mater. Sci. Eng. A, 325 (2002), 54. 
15. A. Yamashita, Z. Horita, T.G. Langdon, Mater. Sci. Eng. A, 300 (2001), 142. 
16. V.V. Stolyarov, Y.T. Zhu, T.C. Lowe, R.Z. Valiev, Mater. Sci. Eng. A, 303 
(2001), 82. 
17. N. Krasilnikov, W. Lojkowski, Z. Pakiela, R. Valiev, Mater. Sci. Eng. A, 397 
(2005), 330. 
18. T. Mukai, M. Yamanoi, H. Watanabe, K. Higashi, Scripta Mater., 45 (2001),  
Chapter 1 
40 
19. S.R. Agnew, J.A. Horton, T.M. Lillo, D.W. Brown, Scripta Mater., 50 (2004), 
377. 
20. A. Vinogradov, S. Nagasaki, V. Patlan, K. Kitagawa, M. Kawazoe, 
Nanostructured Mater., 11 (1999), 925. 
21. H.K. Kim, M.I. Choi, C.S. Chung, D.H. SHim, Mater. Sci. Eng. A, 340 (2003), 
243. 
22. H. Watanabe, T. Mukai, K. Higashi, Scripta Mater., 40 (1999), 477. 
23. J.C. Tan, M.J. Tan, Mater. Sci. Eng. A, 339 (2003), 81. 
24. T. Mohri, M. Mabuchi, M. Nakamura, T. Ashina, H. Iwasaki, T. Aizawa, K. 
Higashi, Mater. Sci. Eng. A, 290 (2000), 139. 
25. M. Furukawa, Y. Iwahashi, Z. Horita, M. Nemoto, T.G. Langdon, Mater. Sci. 
Eng. A, 257 (1998), 328. 
26. M. Furukawa, Z. Horita, T.G. Langdon, Mater. Sci. Eng. A, 332 (2002), 97. 
27. S.R. Agnew, P. Mehrotra, T.M. Lillo, G.M. Stoica, P.K. Liaw, Mater. Sci. Eng. 
A, 408 (2005), 72. 
28. H. Watanabe, A. Takara, H. Somekawa, T. Mukai, H. K, Scripta Mater., 52 
(2005), 449. 
29. K. Ohtera, K. Kita, H. Nagahama, Mater. Sci. Eng. A, 179 (1994), 592. 
30. V.M. Segal, Mater. Sci. Eng. A, 271 (1999), 322. 
31. Y.T. Zhu, T.C. Lowe, Mater. Sci. Eng. A, A291 (2000), 46. 
32. C. Xu, M. Furukawa, Z. Horita, T.G. Langdon, Mater. Sci. Eng. A, 398 (2005), 
66. 
33. P.B. Prangnell, C. Harris, S.M. Roberts, Acta Mater., 37 (1997), 983. 
34. H.S. Kim, Mater. Sci. Eng. A, 315 (2001), 128. 
35. W.J. Kim, J.C. Namkung, Mater. Sci. Eng. A, 412 (2005), 287. 
36. V.V. Stolyarov, R. Lapovok, I.G. Brodova, P.F. Thomson, Mater. Sci. Eng. A, 
357 (2003), 159. 
37. A. Ma, Y. Nishida, K. Suzuki, I. Shigematsu, N. Saito, Scripta Mater., 52 
(2005), 433. 
38. J.P. Mathieu, S. Suwas, A. Eberhardt, L.S. Toth, P. Moll, J. Mater. Proc. Tech., 
173 (2005), 39. 




40. K. Furuno, H. Akamatsu, K. Oh-ishi, M. Furukawa, Z. Horita, T.G. Langdon, 
Acta Mater., 52 (2004), 2497. 
41. Y. Iwahashi, Z. Horita, M. Nemoto, T.G. Langdon, Acta Mater., 45 (1997), 
4733. 
42. V.V. Stolyarov, Y.T. Zhu, I.V. Alexandrov, T.C. Lowe, R.Z. Valiev, Mater. 
Sci. Eng. A, 299 (2001), 59. 
43. Y. Iwahashi, Z. Horita, M. Nemoto, T.G. Langdon, Acta Mater., 46 (1998), 
1589. 
44. K. Oh-ishi, Z. Horita, M. Furukawa, M. Nemoto, T.G. Langdon, Metall. Mater. 
Trans., 29A (1998), 2011. 
45. S. Komura, M. Furukawa, Z. Horita, M. Nemoto, T.G. Langdon, Mater. Sci. 
Eng. A, 297 (2001), 111. 
46. M. Mabuchi, H. Iwasaki, K. Higashi, Nanostructured Mater., 8 (1997), 1105. 
47. W.J. Kim, C.W. An, Y.S. Kim, S.I. Hong, Scripta Mater., 47 (2002), 39. 
48. N. Balasubramanian, T.G. Langdon, Mater. Sci. Eng. A, 25 (2005), 476. 
49. C. Xu, M. Furukawa, Z. Horita, T.G. Langdon, J. Alloys  Compounds, 22 
(2004), 27. 
50. M. Kawasaki, C. Xu, T.G. Langdon, Acta Mater., 53 (2005), 5353. 
51. E.O. Hall, Proc. Phys. Soc., 643 (1951), 747. 
52. N.J. Petch, J. Iron Steel Inst., 173 (1953), 25. 
53. Z. Horita, T. Fujinami, M. Nemoto, T.G. Langdon, J. Mater.Proc. Tech., 117 
(2001), 288. 
54. T.L. Tsai, P.L. Sun, P.W. Kao, C.P. Chang, Mater. Sci. Eng. A, 342 (2003), 
144. 
55. C.W. Su, B.W. Chua, L. Lu, M.O. Lai, Mater. Sci. Eng. A, 402 (2005), 136. 
56. Y.G. Ko, W.G. Kim, C.S. Lee, G.H. Shin, Mater. Sci. Eng. A, 410 (2005), 156. 
 
57. K. Neishi, T. Uchida, A. Yamauchi, K. Nakamura, Z. Horita, T.G. Langdon, 
Mater. Sci. Eng. A, 307 (2001), 23. 
58. M. Avedesian, ASM Speicality Handbook Magnesium and Magnesium Alloys. 
Materials Park. 1999, Ohio: ASM International. 
59. B.L. Mordike, T. Ebert, Mater. Sci. Eng. A, 302 (2001), 37. 
60. H. Friedrich, S. Schumann, J. Mater. Proc. Tech., 117 (2001), 276. 
61. G.E. Dieter, Mechanical metallurgy. 1988, London: McGraw-Hill. 
Chapter 1 
42 
62. F.J. Humphreys, M. Hatherly, Recrystallisation and related annealing 
phenomena. 1995, Oxford: Pergamon. 
63. T.H. Courtney, Mechanical Behavior of Materials. 2000, New York: McGraw 
Hill. 
64. D. Hull, D.J. Bacon, Introduction to dislocations. 2001, Oxford: Butterworth 
Heinemann. 
65. F.J. Humphreys and M. Hatherly, Recrystallisation and related annealing 
phenomena, 1995, Oxford. 
66. I. Baker, Intermetallics, 8 (2000), 1183. 
67. R.D. Doherty, D.A. Hughes, F.J. Humphreys, J.J. Jonas, D.J. Jensen, M.E. 
Kassner, W.E. King, T.R. McNelly, H.J. McQueen, and A.D. Rollett, Mater. 
Sci. Eng. A, 238 (1997), 219. 





Experimental techniques and procedures 
 
 
This chapter describes the experimental techniques and procedures used in this 
investigation. Well planned experimental procedures that are performed according to 
internationally recognized standards are critical in obtaining accurate, reliable and 
consistent results. The experimental procedures described here include material 




Mg alloy AZ31B whose chemical composition is listed in Table 2.1, is chosen as the 
material used in this study because it is the most commonly used commercial wrought 
Mg alloy. AZ31 has better strength than pure Mg and also exhibits higher ductility and 
formability than high strength Mg alloys like AZ61, ZK60A or AZ91. In addition, all 
the alloying elements are in solid solution with the Mg and hence the absence of 
intermetallic particles simplifies the study on deformation and strengthening 
mechanisms of Mg after ECAP. The choice of using AZ31 is also based on practical 
interests. The as-received AZ31 has a rectangular block shape of size 
9045900 ×× mm produced by Mark Metals Inc. with a H24 temper, which is partially 
annealed after strain hardening. The blocks were then annealed for 8 hours at 500oC in 
an argon filled furnace to fully soften the material and to restore formability. The 
annealed AZ31 also provides an equilibrium state of the material as a better starting 
point before any material processing so that the effects from the subsequent 
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processing can be easily identifiable. The 0.2% yield strength of the annealed AZ31 is 
about 115 MPa with an average elongation of 13% at room temperature. Other 
mechanical properties and specifications of AZ31 can be found in most material 
handbooks and this thesis refers to Brandes and Brook, 1998 [68] and also to 
Avedesian, 1999 [58] . The annealed AZ31 blocks were then machined into 
cylindrical billets of 20mm in diameter and 100mm in length for ECAP.  
 
Table 2.1 
Chemical composition (wt. %) of AZ31B 
Mg Al Zn Mn Fe Ni Cu Si Ca 















The ECAP die had a 20mm diameter channel with Φ = 100o and Ψ = 20o, and was 
precision machined from blocks of DF2 (AISI-01) alloy tool steel which had high 
surface hardness (approximately 60 HRC) and toughness after hardening and 
tempering. The die was made in two parts which allow access to the channels for 
cleaning after use and also to enable easy removal of any fractured billets should there 
be any unexpected material failure. The two halves of the die were coupled together 
via two hardened steel guide pins and fastened with two M8 hardened steel screws. 
The die set was further secured by two steel collars at the bottom and the top. A 
1200W collar heating band was used to supply heat to the die and a K-type 
thermocouple which was connected to a temperature controller that regulated power 
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supply to the heating band was inserted into the heart of the die to ensure that the 
temperature fluctuations were less than 1± oC. The entire ECAP die was insulated by 
thermal cloth to minimize heat loss. A 150 ton hydraulic press was used to supply the 
pressing load to the steel plunger during ECAP. The cross sectional schematic 
diagram of the ECAP die set is shown in Fig. 2.1 while the actual experimental setup 
is shown in Fig. 2.2. 
 
To perform ECAP, the ECAP die set was pre-heated 2 hours prior to operation for the 
setup to reach the required processing temperature (170, 200, 220 and 240oC) and also 
for any temperature fluctuations to stabilize. The AZ31 billets for ECAP were first 
lubricated by spraying with a thin coat of Crown® 8070 dry graphite lubricant on the 
surface and then inserted into the heated ECAP die to dwell for 10 min so that the 
processing temperature could be reached. Next, the pre-heated plunger was inserted 
and a 50 ton load was used to press the billet at a rate of about 5mm/s. The pressed 
billet was immediately removed from the channel exit and quenched in water.  At this 
point, the billet is considered to have undergone 1 ECAP pass. The process was then 
repeated for additional passes. Before every additional ECAP pass, the billets were 
inspected to check for any surface defects, cracks or fractures. Any billets that were 
found to be defective were removed and discarded. In this study, the processing route 
BC was used and the billets were rotated 90o clockwise in between passes. After ECAP, 
the billets were lightly sanded down using 600 grit SiC paper to remove the graphite 






























Figure 2.2: Setup of ECAP die. 
Steel collar 
 Steel screw 
 Heating collar 
 Steel guide pin 















For metallographic examination, samples were sliced into 5 mm discs using a 
diamond coated wafer cutter at 250 rpm, well lubricated and cooled by a running 
stream of alcohol. The discs were then finely ground with 1000 grit SiC paper 
followed by polishing using slurries of diamond particles (3μm followed by 1μm) 
suspended in Hyprez™ (oil lubricant) on Buehler micro polishing cloth using a Jean 
Wirtz Phoenix 3000 polishing machine at 200 rpm. The polished samples were 
cleaned by rinsing in alcohol, followed by a 1 min ultrasonic cleaning in a beaker of 
clean alcohol. Etching was then done using picric acid solution (4g picric acid, 20ml 
acetic acid, 60ml ethanol and 20ml distilled water) or nitric acid in di-ethylene glycol 
(1ml nitric acid, 20ml acetic acid, 60ml di-ethylene glycol and 19ml distilled water) 
for 10 sec. An Olympus optical microscope model BH2 with maximum magnification 
of 1000 ×  was used to study the microstructure. Microstructures observed by the 
microscope were captured with an Olympus DP 12 digital camera attachment. Grain 
size measurements for the microstructures observed were made using the lineal 
intercept method [69].   
 
 
2.4 Transmission electron microscopy  
1mm thick sections were sliced from ECAPed specimens using a diamond coated 
wafer cutter at 200 rpm, lubricated by a stream of alcohol. The thin sections were then 
ground with 1000 grit SiC paper to about 200μm in thickness and then further 
polished with 1μm diamond slurry in Hyprez till a thickness of about 170μm. 3mm 
discs were then punched from the polished samples with a mechanical puncher. These 
thin foils were electropolished until perforation using a Jiaoda MTP-1A twin jet 
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electropolisher at 100V. A solution made up by 5.3g lithium chloride, 11.16g 
magnesium perchlorate, 100ml butoxy ethanol and 500ml methanol was used. The 
temperature of the twin jet electropolisher was maintained at about -70oC by liquid 
nitrogen. Once the thin foil specimen was perforated, it was removed from the 
electropolisher immediately and gently rinsed in a series of alcohol baths and then 
dried. The prepared thin foils were then stored in capsules sealed with argon in 
between transits to the TEM. The thin foils were examined with a JEOL 2010F field 
emission gun TEM operated at 200 kV.       
 
 
2.5 X-ray diffraction (XRD)  
ECAPed billets were sliced into 5mm discs, polished and then examined using x-ray 
diffractometer for the analyses of crystal structure, preferred orientation and residual 
stresses. Fig. 2.3 shows the Shimadzu 7000 XRD system used for the crystallographic 
characterization and illustrates the principle of x-ray diffraction. When an x-ray beam 
of wavelength λ is incident on a crystal plane at an angle θ, constructive interference 
of the beam occurs when Bragg’s law is satisfied: 
 
θλ sin2dn =            (2.1) 
 
where n is the order of reflection (any integer 1, 2, 3 …) and d is the spacing of the 
lattice planes. From the diffraction peaks obtained, information on the crystal structure 
can be known. Since ECAP induces large plastic strains that cause structural changes 
and texture from preferred orientations, XRD is an effective experimental technique 



















Figure 2.3: (a) Shimadzu XRD 7000, (b) schematic diagram of an XRD and (c) 




2.5.1 Crystal structure characterization 
Crystallographic structure characterization of the samples was carried out using a 
Shimadzu XRD 7000 diffractometer using Cu-Kα radiation at 40 kV and 30 mA. The 























minute. The intensities of the diffraction peaks were then normalized and compared to 
standard data for plane-indexing and phase determination. Examination of XRD data 
for annealed AZ31 revealed only Mg diffraction peaks, implying that the alloying 
elements are in solid solution with Mg and no intermetallic phases are present.    
 
 
2.5.2 Texture measurement 
Texture measurements were carried out on polished samples taken from both  
transverse and longitudinal sections of the ECAPed billets as shown in Fig. 2.4. 
Random samples in powder form were obtained by filing annealed AZ31 billets. Since 
the material was not deformed by rolling, the conventional definition for rolling 
direction (RD), transverse direction (TD) and normal direction (ND) were redefined in 
this study according to those shown in Fig 2.4. All texture was measured using a 
Shimadzu XRD 7000 diffractometer with Cu-Kα radiation at 40kV and 30mA. 
The )0110( , )1110(  and )0002( pole figure data were collected with the sample 
mounted on the XRD-7000 goniometer theta stage providing sample tilts of up to 75o. 
Random samples (powdered AZ31) were scanned to provide for data correction to 
ensure accurate texture measurements. The texture measurement procedure is shown 
in Fig. 2.5. The corrected data were analyzed with the Shimadzu PF-1616 software 



















Figure 2.4: Schematic diagram showing the orientation of transverse and longitudinal 



















A: Transverse sample 
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2.6 Mechanical testing 
2.6.1 Tensile testing 
Tensile specimens were machined with a 35mm gauge length and a 5mm gauge 
diameter as shown in Fig. 2.6. The tensile tests were performed in accordance with 
ASTM standards [69] using an MTS-810 mechanical testing system. The elongation 
of the tensile specimen was measured using a highly sensitive 25mm strain gauge. A 
Procedure for Pole-Figure 
Measurement 
Pole-Figure measurement at 




Data Correction by random 
sample data (for every peak) 
Background correction for 
random sample  
Pole figure mapping in 2D and 
3D 
Random sample background 
Measurement 
Background correction for 
sample  
Pole figure measurement at 
random sample peak point 
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constant strain rate of 141033.3 −−× s  was used throughout for standard tensile tests at 
room temperature (maintained at 25oC by air conditioning). For strain rate sensitivity 
tests, strain rates ranging from 51033.3 −× to 121033.3 −−× s  were used at room 
temperature. The lengths of the fractured tensile specimens were measured to cross-
check with results obtained from the strain gauge and results compare well. The yield 
strength was taken as the 0.2% offset yield strength from the engineering stress-strain 
curve and ductility was taken as the engineering strain at fracture (referred to as 


















Dimensions in mm 
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2.6.2 Hardness testing 
Microhardness testing was performed on the surface of polished samples using a 
Vickers type [69] Matsuzawa Seiko digital hardness tester model MXT50 with a 50g 
force and a dwell time of 15 sec. The diagonal lengths of the square indentations were 
measured by the attached microscope which gives resolution to 0.5μm. The Vickers 






P θ=           (2.4) 
 
where P is the applied load in kg, L is the average length of the diagonals in mm and θ 
is the angle between opposite faces of the diamond indenter which is 136o. 
 
Macrohardness testing was performed on the surface of samples using a Rockwell 
superficial hardness 1/16″ steel ball indenter [69] with a 15kg total force made by 
Future Tech, model FR-3. The Rockwell hardness (HR15T) was determined by the 
following equation: 
 
eE −=HR15T          (2.5) 
 
where E is a constant of 100 units and e is permanent increase in depth of penetration 
due to the major load (12 kg), measured in units of 0.001mm.  
 
A total of seven indentations were made for hardness testing, taking the average of the 
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This chapter investigates the effects of ECAP die design and processing parameters on 
strain uniformity during the ECAP process using 3D finite element (FE) analysis. 
Parameters investigated include cross sectional shape of channel, Φ, Ψ, friction, strain 




The ideal ECAP process should impart the largest amount of strain and the most 
uniform strain distribution in the workpiece. While large plastic strains can be induced 
after a single ECAP pass, uniform strain distribution cannot be ensured in every part 
of the workpiece. In the past, 2D numerical solutions were used to simulate the ECAP 
process since symmetry in the extrusion direction and plane strain conditions were 
assumed. However, there is a lack of a systematic study in 3D to comprehensively 
identify the effects of die and processing parameters on strain uniformity together 
except for individual studies on die geometry [34, 70], friction [71] or a combination 
of some of the mentioned parameters [33, 71, 72]. In this present investigation, those 
factors are studied so that an effective ECAP die design can be chosen to provide 





3.2 Finite element analysis 
3D finite element simulation of an adiabatic isothermal one pass ECAP was conducted 
using a commercial FE software, the ABAQUS. Fig. 3.1 shows the 3D schematic cut-
away drawing of the square and the round channeled ECAP die with a channel 
intersection angle Φ = 90o and outer curvature Ψ = 20o. Dies with Φ = 80, 100, 110 
and 120o were also used in the study. Fig. 3.2 shows the FE mesh for the respective 
workpiece in the dies. The 3D die models were rigid and non-deformable structures. 
Both the square and the round workpiece had a cross-sectional area of 400mm2 and a 
length of 100mm. The material defined in the simulation was AZ31 O-temper and its 
corresponding material properties and the FE simulation conditions are listed in Table 
3.1. The FE meshing was setup for 8 node linear brick type (C3D8R) under adiabatic 
3D stress conditions with 1044 and 1188 elements for the square and the round 
workpiece respectively. A constant ram rate of 2mm s-1 was used throughout the 
pressing. The contact between the die and workpiece was assumed to be frictionless. 
Analysis of the FE results was made on a 60mm long section in the middle of the 
deformed workpieces to be away from end effects. The criterion of strain homogeneity 
was defined for effective evaluation. Firstly, a continuous area in the longitudinal and 
transverse section (see Fig. 3.3) designated as AL and AT of the billet was chosen. 
Secondly, the strain in the area was tabulated according to the strain homogeneity 

















where εi is the effective strain, εo is the maximum effective strain, Ai is the area 
populated by the effective strain and A is the total investigated area (AL for 
longitudinal and AT for transverse section). A value of H closer to 1 indicates a more 
uniform strain distribution in the evaluated area. The analytical effective strain in the 















1 eceqε      (3.2) 
 
where Φ is the channel intersection angle and Ψ is the angle of the die outer curvature. 
Strain rate is also an important parameter in ECAP as severe plastic deformation is a 
dynamic process governed by dislocation mobility, twinning and shear band formation. 
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Parameters used in the simulations. 
Mechanical behavior of AZ31 [58]  20oC  (200oC)  
 0.2% Yield strength (MPa)  150  (85)  
 Tensile strength (MPa)  255 (115 ) 
 Elongation at failure (%)  12 (82 ) 
Material constants of AZ31 [68, 74]  
 Elastic modulus E (GPa)  45 (41) 
 Poisson’s ratio υ  0.35  
 Density ρ (g/cm3)  1.77 
 Thermal conductivity (Wm-1K-1)  156  (151) 
 Specific heat capacity (Jkg-1K-1)  1025 
 Thermal expansion coefficient (K-1)  27.1x10-6 
ECAP simulation conditions 
 Workpiece temperature (K)  473 
 ECAP die temperature (K)  473 
 Plunger stroke (mm)  100 




















Figure 3.1: Cross section of 3D model showing geometry for (A) square channeled 











Figure 3.2: Initial FE mesh for (A) square channeled die with 1044 elements in the 
square workpiece and (B) round channeled die with 1188 elements in the round 
workpiece. 
Die Die 


























Figure 3.3: Schematic diagram showing the areas AT and AL (length scales T – T’ and L 




3.3 Results and discussion 
The analytical solution to the effective strain in the middle of an ECAP workpiece can 
be calculated for Φ = 80 to 120o and Ψ = 20o using Eq. 3.2. Fig. 3.4 shows the 
comparison between the analytical values of strain per ECAP pass and those obtained 
via numerical calculation for a square and a round channeled ECAP die as a function 
of Φ. Comparing these values to the mean effective strain obtained by numerical 
solution, it is clear that the analytical and numerical solutions agree fairly well with 




























Figure 3.4: Comparison between analytical and numerical solution to the mean 
effective strain per ECAP pass as a function of Φ. 
 
 
3.3.1 Effects of Φ and channel shape 
The channel intersection angle Φ is the most important parameter as it dictates the 
amount of strain per ECAP pass the die is able to impose on the workpiece. From Fig 
3.4, every 10o increase in the value of Φ reduces the value of effective strain by 
approximately 15%. A round channeled die is observed to have a slightly higher mean 
effective strain for every value of Φ compared to the square channeled die. Of course, 
it is too early to make any conclusive remarks on the effectiveness of the die designs 
at this point without considering the distribution of strain in the workpiece.  Fig. 3.5 
shows the strain contours for square and round workpieces for Φ = 80 to 120o and Fig. 
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3.6 illustrates the 3D shapes of the respective workpieces showing the element meshes 
after deformation. Using data from the strain contours in Fig. 3.5, the longitudinal 
strain distribution from L to L’ (Fig. 3.4) can be plotted and is shown in Fig. 3.7. Fig. 
3.8 shows the strain distribution in the transverse section from the bottom to the top (T 
to T’).  
 
The effective strain distribution in the longitudinal section (X plane) shown in Fig. 3.7 
reveals that the middle part of the deformed workpiece (~ 0.25 to 0.65) have fairly 
steady strain distributions while the front and end parts show large strain 
inhomogeneity. It is also found that the length of the front and end regions with very 
low strains is each approximately equal to the width or diameter of the workpiece. The 
section of material with very low strain in the front of the workpiece is due to that part 
of the material being outside the shear zone right from the beginning of the ECAP 
process. As for the end portion, the material has very low strains because it has yet to 
pass through the shear zone at the end of the ECAP process. Therefore, it is 
recommended that a minimum length equaling the width or diameter of a workpiece 
should be discarded for both front and end regions to obtain a final workpiece with 
steady strain lengthwise. In addition, the length of steady strain region in the 
longitudinal section can be increased with a longer workpiece and the length of a 
workpiece should preferably be at least five times its width or diameter.  
 
In the transverse section (Y plane), strain distribution in Fig. 3.8 shows that the top 
half (0.5 –1T) of the workpiece which is closer to the inner curvature of the die shows 
noticeably higher strain fields compared to the bottom half (0 - 0.5T) which is closer 
to the outer curvature. In essence, even in the steady strain region along Y direction, 
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strain inhomogeneity is still present in the Z direction on the Y plane. The strain 
inhomogeneity in the Y plane is an inherent problem for workpieces undergoing only 1 
ECAP pass and it can be minimized with a suitable multi-pass ECAP processing route 
discussed in section 3.3.5.  
 
The presence of strain inhomogeneity in the Y plane can be attributed to the flow path 
of the workpiece through the shear plane. Since the workpiece is pressed at a constant 
ram speed, material continuity dictates that the outer part of the workpiece closer to 
the die outer curvature moves faster and travels a longer distance than the inner part of 
the workpiece. Although the outer part travels further in the shear zone than the inner 
part, the inner part leaves the shear zone earlier than the outer part due to the shorter 
distance out of the shear zone. The material in the shear zone flows with the same 
horizontal velocity regardless of its position. As such, the overall shear deformation in 
the workpiece is the result of the inner part leaving the shear zone earlier than the 
outer part. As a result, the lower strain found in the outer part of the workpiece is due 
to the faster velocity and the later exit of the material from the shear zone than the 
inner part. The effect of varying the die outer corner curvature Ψ will be discussed in 



































































(A) Square, Φ = 80o (B) Round, Φ = 80o 
(C) Square, Φ = 90o (D) Round, Φ = 90o 
(E) Square, Φ = 100o (F) Round, Φ = 100o 
(G) Square, Φ = 110o (H) Round, Φ = 110o 



























Figure 3.6: Outer appearance and element mesh of deformed workpieces. 
(A) Square, Φ = 80o (B) Round, Φ = 80o 
(C) Square, Φ = 90o (D) Round, Φ = 90o 
(E) Square, Φ = 100o (F) Round, Φ = 100o 
(H) Square, Φ = 110o (I) Round, Φ = 110o 


























Figure 3.7: Longitudinal strain distribution from L to L’ for (A) square, and (B) round 
workpieces at different values of Φ. 



















































































Figure 3.8: Transverse strain distribution from T to T’ for (A) square, and (B) round 
workpieces at different values of Φ. 






























































The strain homogeneity index H can be obtained from Eq. 3.1 using the strain data in 
the longitudinal and transverse sections shown in Figs. 3.7 and 3.8. H was plotted 
against the channel intersection angle Φ and the results are shown in Fig. 3.9. H in the 
transverse section (Y plane) for both square and round channeled die is shown in Fig. 
3.9(A). As Φ is increased, H generally shows a slight decrease in the transverse 
section for both die designs. At higher angles of Φ (>100o), circular channeled die has 
a poorer homogeneity in strain distribution in the transverse section compared to the 
square channeled die. Nevertheless, the values of all indexes remain above 0.75, 
showing that the homogeneity in the transverse section in the middle of a workpiece is 
still fairly good. In Fig. 3.9(B), H in the longitudinal section (X plane) is shown with 
respect to Φ. In general, H can be improved by increasing Φ when Φ <100o. However, 
H decreases as Φ is larger than 100o. Overall, the round channeled die produce a more 
homogenous strain distribution in the workpiece compared to a squared channeled die 
at every value of Φ. Φ = 100o appears to be optimal in producing more homogeneity 
for both square and round channeled dies with H at 0.77 and 0.82 respectively after 1 
ECAP pass. The effects of Φ and channel shape on strain distribution are significant. 
Increasing Φ decreases the mean effective strain, i.e. large value of Φ returns a smaller 
value of mean effective strain to the workpiece per ECAP pass regardless of channel 
shape. This is because a larger value of Φ effectively reduces the shear angle of the 
shear zone, thus reducing the amount of shear deformation imposed on the workpiece. 
Results show that strain homogeneity in the longitudinal direction is optimal by using 
values of Φ between 90 to 100o but larger Φ reduces H. The channel shape also affects 
the strain distribution in the workpiece with the round channeled die giving the 


























Figure 3.9: Strain homogeneity H in (A) transverse section and (B) longitudinal 
section for square and round channeled dies at different values of Φ. 
 

















































3.3.2 Effects of Ψ 
The angle of outer curvature Ψ plays a less significant role in determining the mean 
effective strain imposed on a workpiece as compared to the channel intersection angle 
Φ. In Fig 3.10(A), the analytical and numerical values of mean effective strain in the 
transverse section over o600 <Ψ<  agree fully with each other. However, Ψ is an 
important parameter in determining strain homogeneity in the transverse (Y plane) 
section. The reason for strain inhomogeneity in the Y plane was previously mentioned 
in Section 3.3.1. By increasing the value of Ψ, the shear zone area is widened. 
Therefore, the material flowing across the die intersection does not occur along a line 
but is over an area subtended by Ψ.  This leads to a larger strain gradient in the Y plane 
which results in the decrease in strain homogeneity. Results obtained here agree with 
reasoning. In Fig 3.10(B), the strain distribution in the longitudinal section is shown as 
a function of Ψ, and the corresponding value of H is shown in Fig. 3.10(A). 
Comparing values of H with respect to Ψ, H decreases when Ψ is increased. Although 
a small value of Ψ gives a higher value of H, a “dead zone” or outer corner gap 
between the die and workpiece is formed where the workpiece is no longer in contact 
with the die walls when Ψ = 0o. These gaps have been verified numerically here, in 
previous studies [33, 72] and also demonstrated in an experimental model [75]. To 
avoid such gaps, a value of Ψ > 0 is essential and it is suggested from this study that a 






























Figure 3.10: Strain homogeneity H in (A) transverse section and (B) longitudinal 
section for square and round channeled dies at different values of Ψ. 
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3.3.3 Effects of friction 
The effect of friction on strain distribution and mean effective strain during ECAP is 
shown in Fig. 3.11. It was observed from the numerical results that friction actually 
increased the mean effective strain as well as strain homogeneity for a square 
channeled die with Φ = 90o and Ψ = 20o. Friction resists the flow of material at the 
contact surfaces and hence intensifies the shear deformation of the surface elements 
since friction operates in the opposite direction to that of the moving surfaces. 
Therefore, friction can reduce strain inhomogeneity by reducing the zones of lesser 
shear especially at the outer corners of the die. In Sections 3.3.1 and 3.3.2, the FE 
analysis was carried out with no friction and hence strain homogeneity was solely 
controlled by the die geometry Φ and Ψ. The friction coefficient used in the 
simulation was set at 0, 0.05, 0.1 and 0.15 (friction coefficient for FE analysis of 
ECAP with lubrication was typically taken to be <0.3 [76, 77]). By estimating the 
friction coefficient for graphite lubrication to be <0.2 [78, 79], H significantly 
increased to almost 0.88 when friction coefficient was increased from 0 to 0.15. 
However, large amounts of friction between the die and the workpiece without proper 
lubrication must be avoided because the frictional forces generate heat and also cause 
die wear. In addition, the surface of the workpiece may suffer damage and even 
premature fracture, which should be avoided. In practice a suitable lubricant like 
graphite or MoS2 is used to minimize frictional effects with the contact surfaces. Other 
approaches to minimize friction is to make use of complex die setups that utilize 




























Figure 3.11: (A) Effective strain distribution as a function of friction for square 
workpiece with Φ = 90o and Ψ = 20o, (B) corresponding mean effective strain and 
strain homogeneity H. 
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3.3.4 Effects of pressing speed 
In practice, the ECAP process is usually conducted in large hydraulic presses that 
have relatively high pressing speeds typically in the range of 1 to 25 mm/s. Hence it is 
interesting to investigate the influence of pressing speed on the strain distribution by 
FEM as speed is a processing parameter that is often overlooked since pressing speeds 
are often not readily controllable in many ECAP setups. In Fig. 3.12(A), the effective 
strain distribution in the transverse section at the middle of a square workpiece 
processed in a die with Φ = 90o and Ψ = 20o, with pressing speeds of 2, 10, 20 and 40 
mm/s is shown. The variation in the distribution of strain is small and strain 
homogeneity shown in Fig. 3.12(B) also shows little change by changing pressing 
speed. Model experiments have shown that the shearing characteristics of a workpiece 
is not significantly influenced by the pressing speed [81, 82]. Experimental tests on Ti 
also show that only minor microstructural differences are present in the ECAPed 
samples when pressing speeds were varied [83]. In practice, however, changing the 
pressing speeds can produce certain practical issues. Firstly, a fast pressing speed 
tends to generate more heat which heats up the workpiece more compared to slower 
pressing speeds. However, the influence on the strain distribution or resultant 
microstructure due to this abrupt heating is not clear at the moment. Secondly, a slow 
pressing speed provides more time for the evolution of microstructure of the 
workpiece. Thirdly, a very fast pressing speed may fracture a workpiece prematurely 




























Figure 3.12: (A) Effective strain distribution in transverse section in a square 
workpiece with Φ = 90o and Ψ = 20o at pressing speeds of 2, 10, 20 and 40 mm/s. (B) 
Strain homogeneity H with respect to pressing speed. 
 
















































3.3.5 Effects of processing route 
The numerical analysis so far has demonstrated that a single ECAP pass was unable to 
produce a homogenous strain in a workpiece. Inhomogeneity of strain in the 
longitudinal section (X plane) is located at the front and the end portion of the 
workpiece. Therefore, having a longer workpiece can increase the length of steady 
strain region when the front and end portions are discarded. Inhomogeneity in the 
transverse section (Y plane) of the workpiece is basically divided into regions of 
higher strain fields near the die inner corner and regions of lower strain fields near the 
die outer corner. This strain inhomogeneity cannot be eradicated completely by simply 
changing die parameters. Therefore multiple ECAP passes are required to minimize 
strain inhomogeneity in the transverse section (Y plane) of the workpiece. The effects 
of processing routes A, BA, BC, and C on H is plotted in Fig. 3.13 for both square and 
round channeled dies. H here represents the average value of four passes and for three 
values of Φ (90, 100 and 110o) on each route. This enables a better evaluation of the 
effectiveness of the routes in reducing strain inhomogeneity. The outer curvature 
angle Ψ = 20o, frictionless condition between surfaces, and pressing speed at 2mm/s 
for each route were used in the simulation.  
 
For route A, there is no rotation between passes so that the workpiece does not 
experience any interaction of shear with other shear planes. The areas with high 
strains (near the die inner corner) get reinforced with every additional ECAP pass. Not 
surprisingly, route A produces the most strain inhomogeneity after 4 passes with the 
lowest value of H. On the other hand, route BC produces the most homogenous strain 
distribution after 4 passes with H exceeding 0.95 for the circular channeled die. In 
route BC, the workpiece is rotated 90o in one direction between every pass, which 
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represents the largest interaction of shear planes in the workpiece. The areas of the 
workpiece near the die outer corner during one of the passes will become the areas 
deformed by the die inner corner two rotations later. The areas of low strain are 
reinforced by higher deformation strains at every alternate pass. As a result, strain 
gradient in the Y plane is effectively reduced after 4 rotations to produce a uniform 
strain distribution. For route BA and C, their respective values of H fall between those 
of route A and BC. It is clear that strain homogeneity during multiple-pass ECAP 
depends strongly on the availability of the interaction of shear planes. In this case, 
route BC is the most favourable processing route and a round channeled die seems to 








































1. The channel intersection angle Φ has significant effects on the mean effective 
strain of ECAPed workpiece. Increasing the value of Φ decreases the mean 
effective strain, resulting in more inhomogeneity in strain distribution for both the 
longitudinal and transverse sections of the workpiece when Φ > 110o. A circular 
channeled die produces a better strain homogeneity in the longitudinal section of 
the workpiece. 
 
2. The outer curvature angle Ψ has lesser effects on the mean effective strain 
compared to Φ. Increasing the value of Ψ causes a decrease in mean effective 
strain and H. However, a positive value of Ψ is required to eliminate the dead zone 
at the outer die corner between the workpiece and the die when Ψ = 0. 
 
3. Presence of friction between the contact surfaces of the die and the workpiece 
increases strain homogeneity. However, practical considerations on heat 
generation, workpiece surface damage and die wear from friction should lead to 
the use of lubricants despite the improvement in strain homogeneity.    
 
4. Although the pressing speed has little influence over effective strain and strain 
homogeneity, practical issues associated with heating effects and premature failure 
at very fast pressing speeds should be considered. 
 
5. Processing routes have significant effects on the strain homogeneity of the 
workpiece after multiple ECAP passes. The effectiveness in reducing strain 
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inhomogeneity for each route lies in its ability to promote an interaction of shear 
planes in the workpiece. Route BC was found to be the most effective processing 
route in producing a homogenous strain distribution with H exceeding 0.95 after 4 
passes, while route A is the least effective route in reducing strain inhomogeneity. 
 
6. From this study, strain inhomogeneity can be minimized by carefully choosing the 
die and processing parameters. A workpiece should preferably be at least 5 times 
its width in length for a sufficiently steady strain region in the middle to be 
developed. Φ should be between 90 to 100o, with Ψ≈20o. A practical pressing 
speed of 2 to 10 mm/s can be used with lubricants to reduce friction. A single pass 
ECAP process cannot produce strain homogeneity in the workpiece. Therefore 
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Recovery, recrystallisation and grain growth of deformed AZ31 
 
 
In Chapter 3, the parameters to achieve strain homogeneity in a workpiece during 
ECAP were investigated. To process AZ31 by ECAP with the aim of grain refinement, 
processing temperature and time is equally important. Heating during ECAP provides 
AZ31 with sufficient formability as well as promotes annealing processes that are 
crucial in the evolution of the deformed microstructure. Therefore, this chapter 
investigates the recovery, recrystallisation and grain growth of deformed AZ31 to 
better understand these processes for the material. This knowledge can also be applied 
to the understanding of the grain refinement mechanism in AZ31 during ECAP 
described in Chapter 5.  
 
4.1 Introduction 
The annealing processes of plastically deformed AZ31 need to be determined in order 
to understand how the deformed microstructure evolves and at what rates they proceed. 
This is important information in order to tailor deformation and heat treatment to 
modify the microstructure to improve mechanical properties of the material. Room 
temperature deformation of AZ31 allows a maximum amount of deformation defects 
to be frozen in and the subsequent heat treatment allows the processes of recovery, 
recrystallisation and grain growth can be better studied. This information is especially 
useful later when AZ31 undergoes ECAP where the control of plastic strain, 
processing temperature and dwell time have profound effects on grain refinement, 
texture and mechanical properties. 
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4.2 Experimental procedures 
To study of recrystallisation kinetics, AZ31 samples of 20mm in diameter and 3mm in 
thickness were prepared from the annealed billets by slicing with a diamond coated 
wafer cutter at 200 rpm cooled by a stream of alcohol. These samples were then 
subjected to uniaxial compression to different true strains of 0.1, 0.3 and 0.5 at room 
temperature by means of a hydraulic press. The pressed samples were isochronally 
annealed in an argon filled furnace for a fixed time interval of 1 hr each, at 
temperatures of 100, 150, 200, 250, 300, 350 and 400oC. For isothermal annealing, the 
samples were annealed at time intervals of 5, 10, 20, 40, 60, 90, 120, 150, 180 and 300 
min, at a fixed temperature starting from 100oC. This procedure was repeated to 
isothermally anneal the samples at 150, 200, 250, 300, 350 and 400oC. The annealed 
samples were then subjected to microhardness tests and the microstructure was 
examined using an optical microscope according to their respective procedures 
described in Chapter 2.   
 
 
4.3 Results and discussion 
The AZ31 samples show considerable hardening after deformation. In Fig. 4.1, the 
hardness as a function of deformation strain is presented. The samples with 5.0=ε  
show a 75% increase in hardness. Strains above 0.5 cause the AZ31 samples to 
fracture into many small pieces and hence 5.0=ε  represents the upper limit of 
maximum deformation under compression at room temperature. In Fig. 4.2, it is 
evident from the microstructure of the as-deformed AZ31 that the deformation strain 
is accommodated partly by large amounts of shear bands which are very common 



























Figure 4.2: Microstructure of as-deformed AZ31 showing deformation shear bands. 























Upon annealing, the deformed AZ31 samples undergo recovery where dislocations 
rearrange into lower energy configurations without visible changes to the existing 
HAGB. Recovery can be detected by the decrease in hardness from the as-deformed 
state before the microstructure shows any formation of recrystallized grains.  Subgrain 
boundaries are usually formed by such rearrangement of dislocations, detectable by 
TEM. This makes observations on recovery rather difficult using optical microscopy 
and since recovery and recrystallisation are competing processes driven by the stored 
energy of the deformed state, the division between the two processes can be difficult 
to quantify. On the other hand, recrystallisation involves the formation of new strain-
free grains in certain parts of the deformed sample and growth of these grains 
consumes part of the deformed structure. Hence, recrystallisation is readily detectable 
through metallography. However, there are a few difficulties to be overcome first. The 
first difficulty is how recrystallisation is quantified. By definition, the process of 
recrystallisation begins when the first strain-free grain nucleates and ends when the 
last grain appears. In practice, it is very difficult to detect nucleation of the new grains 
accurately, especially in a bulk sample. Typically, quantitative metallography is used 
to estimate the extent of recrystallisation in terms of fraction recrystallized, Xv, and 
supplemented by the measurement of other mechanical properties like hardness. 
Therefore, it is commonly agreed that the time at which recrystallisation is 50% 
complete (t0.5) for isothermal annealing is taken as the rate of recrystallisation. For 
isochronal annealing, the temperature at which the material is 50% recrystallized at 1 
hr is taken to be the recrystallisation temperature [1, 2]. The second difficulty is that 
there are some other factors affecting the rate of recrystallisation like the amount of 
prior deformation, deformation temperature and annealing conditions, which makes 
recrystallisation a complex process to analyze and requires large amounts of data to 
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make any useful sense of the relationships between the factors [3]. The observations in 
this chapter lay an important foundation to understand the grain refinement 
mechanism in AZ31 during ECAP which will be discussed Chapter 5.  
 
 
4.3.1 Recrystallisation temperature 
The recrystallisation temperature for AZ31 was estimated first by isochronally 
annealing the deformed samples and then measuring their hardness. In Fig. 4.3, the 
onset of recrystallisation is approximately at the beginning of the downward slopes of 
the hardness curves, indicated by the arrows on the graph. The microstructures 
observed at these indicated stages of annealing reveal the presence of small new grains 
distributed along the grain boundaries of the deformed grains. The decrease in 
hardness is due to the nucleation of these new strain free grains which remove the 
strain hardening effects and also likely to be contributed in part from recovery prior to 
recrystallisation. As recrystallisation proceeds, hardness is further decreased as more 
new grains emerge. The most significant decrease in hardness was observed from the 
samples with 5.0=ε . As shown in Fig. 4.3, higher deformation strains also seem to 
bring forward the decrease in hardness at lower annealing temperatures. These 
observations on the changes in hardness are reasonable as a greater amount of 
deformation prior to annealing increases the amount of stored energy that drives the 
recrystallisation process (a more detailed discussion will be given in Section 4.3.2). 
Microstructure also needs be studied to quantify recrystallisation to complement data 

















Figure 4.3: Hardness as a function of annealing temperature during isochronal (1hr) 
annealing. 
 
The estimation of the recrystallisation temperature from Fig. 4.3 by taking the mid 
point from the onset of hardness decrease suggests that recrystallisation temperature 
for =ε 0.1, 0.3 and 0.5 is approximately at 225, 180 and 160oC respectively. 
Nevertheless, microstructural analysis reveals that numerous new grains are already 
detectable at temperatures lower than the temperatures that the hardness data suggest. 
Due to the difficulty and also the impracticality in defining a single recrystallisation 
temperature at 1hr of annealing, an upper and lower bound for recrystallisation 
temperature is therefore adapted instead. The lower bound represents the lowest 
temperature after 1 hr of annealing by which microstructural analysis is able to reveal 
sparse appearance of recrystallized grains while the upper bound represents the 

























temperature above which recrystallisation is completed and grain growth is observed. 
Having a range of recrystallisation temperature also bypasses the need to define the 
temperature at which 50% recrystallisation has occurred. Using the estimated 
recrystallisation temperatures obtained from the data in Fig. 4.3 and studying the 
microstructures of samples annealed at around those temperatures, the upper and 
lower bound values of the recrystallisation temperature with respect to amount of 
















Figure 4.4: Recrystallisation temperature of AZ31 during isochronal annealing (1 hr) 
as a function of deformation strain in compression. 
 
































As shown in Fig. 4.4, zone I, the area below the lower bound of the recrystallisation 
temperature, represents no appreciable number of new grains observed 
metallographically. In this zone, AZ31 undergoes recovery from the deformed state 
without proceeding to recrystallisation. The material loses part of the strain hardening 
effects from deformation but the HAGB are largely unchanged. In zone II, 
recrystallisation takes place with the recrystallized nuclei growing into the deformed 
material. Between the lower and upper bound, however, the extent of recrystallisation 
varies at 1 hr of annealing. In zone III, grains are observed to grow appreciably to 
reduce the grain boundary area. Fig. 4.5 shows some of the representative 
microstructures observed after isochronal annealing. Fig. 4.5(A) shows the as-
deformed microstructure and in Fig. 4.5 (B), the beginning of recrystallisation occurs 
with some new grains appearing along the grain boundaries while in Fig. 4.5 (C), 
approximately 50 % recrystallisation is observed, and grain growth is shown in Fig. 




























Figure 4.5: Microstructures of AZ31: (A) as-deformed after cold compression, (B) 
beginning of recrystallisation, (C) 50% recrystallisation, and (D) grain growth after 
isochronal annealing (1hr).   
 
 
From the data obtained, recrystallisation temperature was observed to be lowered 
under large deformation. This observation agrees in principle with the so-called laws 
of recrystallisation formulated by Mehl [84] and then Burke and Turnbull [85]. 
Studies by Lindh [86] on copper deformed in compression and tension show similar 
trends where the recrystallisation temperature decreased by about 100oC when 
deformation strain was increased from 0.1 to 0.4. The effect of deformation strain on 
A B 
C D 20 µm 
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the recrystallisation temperature can be explained by considering the driving force Pd 
for recrystallisation, which arises from the stored energy of deformation. The stored 
energy of deformation is a summation of all the energies of the defects and boundaries 
generated which may be written in simplified form as: 
 
bdd EEP +=           (4.1)      
 
where Ed is the stored energy from dislocations generated and is proportional to the 
dislocation density ρ, and Eb is the energy from HAGB, LAGB and twin boundaries 
formed and is proportional to their respective grain boundary energies γb. Eq. 4.1 does 
not give any indication of the kinetics of recrystallisation. Naturally, the process of 
recrystallisation needs to be activated by a certain amount of thermal activation, which 
can be lowered by increasing the amounts of stored energy. Therefore, the 
recrystallisation temperature for AZ31 was found to be reduced when Pd was 
increased with larger deformation strains. The temperature at large deformation strains 
(>0.5) is around 150oC. This temperature is about 0.46Tm and compares well with 
studies on Cu (0.47Tm) [86] and Al (0.51Tm) [87].  
 
From a thermodynamics point of view, recrystallisation is a thermally activated 
boundary diffusion process where the pulling force F for the migrating grain boundary 








where GΔ is the free energy difference caused by recrystallisation and mV  is the 
volume of material involved in the migration. For the deformed AZ31, GΔ  is due to 
the difference in dislocation and twinning strain energy between boundaries of the 
new strain free recrystallized grain and the original deformed grains. 
mV
GΔ is greatest 
when the new grains are at their smallest since GΔ  and Vm are at their largest and 
smallest values respectively. As such, the recrystallisation process can be considered 
as diffusion of atoms from one grain to the other by overcoming an activation energy 
aGΔ through thermal activation. The velocity v of that boundary under such driving 















112 υ        (4.3)  
 
Or more simply as: 
mV
GMv Δ⋅=           (4.4) 
 
where M is the mobility if the boundary, A2 is the probability of an atom to be 
accommodated in grain 1, n1 is the average number of atoms favorable to migrate, υ1 
is the vibration of the atoms, Na is the Avogadro number and R is the gas constant. Eqs. 
4.3 and 4.4 predict an increase in the velocity of grain boundary migration 






4.3.2 Recrystallisation kinetics 
The rate of recrystallisation of AZ31 during annealing is partly related to the amount 
of strain. Given the same annealing temperature, the sample with a greater strain 
generally recrystallises at a faster rate by providing more nucleation sites. 
Nevertheless, annealing temperature has the most profound effect on recrystallisation 
kinetics. To study the rate of recrystallisation, an annealing temperature of 200oC was 
first chosen as it is a commonly used one for deforming AZ31. The annealing times 
ranged from 5 to 300min. As a first step, Fig. 4.6 shows the hardness evolution as a 
function of annealing time at 200oC for samples with 0.1, 0.3 and 0.5 strains. It can be 
seen that hardness decreases rapidly in the first 60 min of annealing and reaches a 
steady level after 120 min. At 200oC, the microstructure shows homogenous grain 












Figure 4.6: Hardness as a function of annealing time at constant annealing temperature 
of 200oC.  
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To better compare the hardness evolution shown in Fig. 4.6 for different strains, the 
relative change in hardness is plotted versus the annealing time. The relative change in 











HHH          (4.5) 
 
where Ho is the hardness of the as-deformed material, Hi is the measured hardness 
during isothermal annealing and Hr is the hardness at the end of isochronal annealing 
at 300min. The relative change in hardness versus annealing time is shown in Fig. 4.7. 
As shown in Fig. 4.7, the rate of hardness evolution increases with increasing strain. 
By increasing the annealing temperature from 200 to 400oC, the rate of hardness 
evolution for the samples at 5.0=ε  increased significantly, as shown in Fig. 4.8. 
Again, hardness only shows the trend for the rate of recrystallisation, indicating fast 
rates within the first 60 mins of annealing and that rate increases with more 
deformation strain and also annealing temperature. To quantify the rate of 
recrystallisation, microstructural study is required to track the progress of 




















Figure 4.7: Normalised hardness as a function of annealing time at 200oC showing 











Figure 4.8: Normalised hardness as a function of annealing time for 5.0=ε  annealed 
at 200 and 400oC.   
 




















































Recrystallisation kinetics can be modeled using the Johnson-Mehl-Avrami-
Kolmogorov (JMAK) [90, 91] model where recrystallisation nuclei are assumed to be 






QC NexpN 1&          (4.6) 





QC GexpG 2&          (4.7) 
 
where C1 and C2 are constants, QN and QG are the activation energies for nucleation 
and growth of nuclei respectively, k is the Boltzmann constant and T is the absolute 
temperature. By also assuming spherical grains, the fraction of recrystallized material 
















        (4.8) 
 
where f is the shape factor (4π/3 for spheres) and t is time. Alternatively, Eq. 4.8 may 
be written more generally as: 
 
( )nv BtX −−= exp1          (4.9) 
 




( )( ) tnBX v lnln1/1lnln +=−                 (4.10) 
 
Plotting ))1/(1ln(ln vX− against tln , the Avrami exponent n can be obtained from the 
slope of the straight line, which is equals to 4 if all the assumptions on which the 
model are built are satisfied.  
 
Due to inherent difficulties in tracking N& and G& , the JMAK model provides a 
convenient way to measure recrystallisation kinetics by monitoring Xv at time t, which 
can be determined by microstructural studies. The model indicates that the annealing 
temperature T has a profound effect on recrystallisation kinetics since both nucleation 
and nuclei growth are Arrhenius type functions of T. In order to avoid confusion, a 
clear definition needs be made for Xv. In simple terms, the microstructure at any time 
is divided into recrystallized or non-recrystallized regions and by taking their fraction 
with respect to the total area of the region, Xv can be estimated. What is observed from 
the microstructure during recrystallisation after the first observation of new grains is 
that new grains continues to emerge over a period of time and the growth of these 
grains gradually replaces the deformed microstructure. This period is not considered 
to be grain growth as recrystallisation is essentially similar to a phase transformation 
which proceeds by a combination of nucleation and growth. Hence Xv = 1 is taken to 
be the point when new grains stop emerging but before grain coarsening of the 
recrystallized microstructure with the sole purpose of grain boundary area reduction 
[62, 64]. Fig. 4.9 shows the microstructure evolution of AZ31 with 5.0=ε  after the 
first 30 mins of annealing at 200oC. In Fig. 4.9(A), new grains appeared along the 
grain boundaries of deformed grains and also within shear bands. One implication of 
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such an observation is that the nucleation sites are evidently non-random, i.e. there are 
preferential sites for nucleation, whereas the JMAK model assumed nucleation sites to 
be randomly distributed. In addition, the observation of preferential recrystallisation 
along the grain boundaries and shear bands strongly support the idea that 
recrystallisation originates from crystallites, dislocation cells and subgrains which are 
already present after deformation, instead of the random nucleation of crystallites 
proposed by the JMAK model. Hence the nucleation of recrystallisation nuclei should 
be a preferential discontinuous subgrain growth at sites of high strain energy and 
orientation gradient formed during deformation or otherwise. Naturally, grain 
boundaries and shear bands are high energy sites where dislocations and defects 
interact, and thus have higher propensity for the presence of recrystallisation nuclei 
after deformation upon the formation of favorable subgrain structures. Examination of 
a series of microstructure images shown in Fig. 4.9 reveals that as recrystallisation 
proceeds, the growth of the new grains into the deformed structure continues and a 
more homogenous microstructure is formed gradually. Closer inspection also shows 
that some nuclei grow faster than others until the end of the recrystallisation process, 
making some grains slightly bigger than the others. This observation suggests that 
recrystallized nuclei need not necessary grow at similar rates. This may be attributed 
to differences in orientation between grains and strain paths that cause a difference in 






















Figure 4.9: Representative microstructures showing progress of recrystallisation for 
samples at 0.5 strain annealed at 200oC after (A) 10 min, (B) 15 min, (C) 20min and 
(D) 30 min of annealing time.  
 
 
Fig. 4.10 shows the increase in the fraction recrystallized Xv at different isothermal 
annealing time t. The corresponding ( ))1/(1lnln vX−  versus tln graph is shown in Fig. 
4.11. It is obvious from the two figures that recrystallisation kinetics increases with 
the amount of plastic deformation strain and also annealing temperature. The slopes of 
the straight lines in Fig. 4.11 show that the Avrami exponents n are 2.7 and 1.8 for 
strains of 0.5 and 0.1 respectively at 200oC. n increases to 3.4 at 400oC for ε = 0.5. 
A 





These values deviate from the ideal 4=n  predicted by the theory which assumes that 
the rate of nucleation and growth remains constant during recrystallisation. However, 
the values in the present study compare well in range with experimental studies made 
on Al and Cu with n generally less than 3 [92-94].  The reason for the lower n may be 
the result of non-random recrystallisation sites present in the deformed material [62]. 
It also suggests that the recrystallisation kinetics is more strongly influenced by the 
annealing temperature. Another reason for the deviation of n is due to the growth rate 
of nuclei G& not being a constant [62]. This is a consequence of the different values of 
M due to variations in driving forces caused by inhomogeneity in orientation and 
microstructure after deformation. With higher deformation strains, grain 
misorientation tends to be greater leading to higher boundary energies that cause M to 
increase. By increasing the annealing temperature to 400oC, n increased to 3.4 for the 
samples with 5.0=ε . However, the increase in n is not an indication that higher 
annealing temperature has caused the nucleation to be more random. Rather, the 
increase in n is the result of the higher rate of nucleation and hence recrystallisation 
throughout the material due to higher deformation strains. This reasoning is further 
confirmed when n remains at a low value of 1.6 when samples with 1.0=ε is 
annealed at 400oC, proving that an increase in annealing temperature when 
deformation strain is low does not have profound effects on recrystallisation kinetics 
as there are limited recrystallisation sites. As such, pseudo-JMAK kinetics of 
recrystallisation for AZ31 can be achieved under the conditions of high deformation 
strains to provide more nucleation sites throughout the material, smaller starting grain 















Figure 4.10: Fraction recrystallized as a function of annealing time for isothermal 
annealing. 











































































4.3.3 Role of shear bands in recrystallisation of AZ31 
Variation in the Avrami exponent n obtained from the JMAK plot in Fig. 4.10 Has 
been discussed in Section 4.3.2. The main reason why the value of n increased is due 
to higher annealing temperature and the presence of more nucleation sites at higher 
deformation strains. These additional recrystallisation sites are accommodated by the 
shear bands formed within the deformed grains. At low strains (ε ~ 0.1), AZ31 first 
deforms by slip but deformation is taken over quickly by twinning which is able to 
accommodate most of the deformation strain (twinning shear = 0.13) [62]. The lack of 
dislocation entanglements or dislocation cells at low strains can severely limit the 
number of preformed crystallites. Upon annealing, only the most favourable sites 
recrystallise while the rest of the deformed materials merely undergo recovery. As 
such, the lack of dislocation cells within the grains forces recrystallisation to take 
place preferentially along the grain boundaries instead of the twin boundaries due to 
the more favourable boundary energy at the HAGB. This process is shown 
schematically in Fig. 4.12(A). As strain is increased (ε > 0.3), shear bands are formed 
as shown in Fig. 4.12(B). These shear bands, being regions of larger boundary 
misorientations which accommodate dislocation cells, provide additional 
recrystallisation sites in addition to the grain boundaries. Therefore, it appears that 




























Figure 4.12: Schematic diagram of recrystallisation process, (A) along HAGB at low 
strain, (B) along HAGB and within shear bands at higher strain, (C) resultant grain 
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4.3.4 Grain size after recrystallisation  
Since n varies with deformation strain, low strains also cause the AZ31 to have a less 
homogenous microstructure after recrystallisation. Analysis of the distribution of grain 
size after recrystallisation for the samples with 1.0=ε shows a bimodal distribution of 
smaller grains at 10.9 µm and coarser ones at 19.3 µm (Fig. 4.13(A)). The samples 
with 5.0=ε  have an average grain size of 8.9 µm after recrystallisation showing a 
normal distribution of grain sizes (Fig. 4.13(B)). The bimodal mix of finer and coarser 
grains can be again illustrated schematically in Fig. 4.12(A) and (C) where the 
recrystallized grains along the grain boundary grow into the deformed grains. 
However, it comes to a point when the recrystallized grains and the deformed grains 
reach a metastable equilibrium at the given annealing temperature and time so that 
further evolution of the microstructure is not observed. Hence the resultant 
microstructure becomes a bimodal mix of finer recrystallized grains and coarser 
deformed grains. As strain is increased to 0.5, the microstructure is a more 
homogenous mix of recrystallized grains shown in Fig. 4.12(D) as more 
recrystallisation sites are generated throughout the material. It is therefore also 
obvious so far that recrystallisation alone does not produce a homogenously refined 
microstructure in AZ31 for a given deformation strain, annealing temperature and 
time. A larger deformation strain can produce more dislocation cells that become 
recrystallisation sites in which a more homogenous microstructure can be formed 
upon recrystallisation if the sites are well distributed throughout the material. 
Although a higher deformation strain reduced the grain size inhomogeneity, the grains 
are still not truly equiaxed. This is due to the large starting grain size of the material 
and in order to further refine the microstructure to obtain fine equiaxed grains, the 
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Figure 4.13: Grain size of AZ31after recrystallisation showing (A) bimodal 
distribution for samples with strain of 0.1, and (B) normal distribution with strain of 
0.5.    
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4.3.5 Kinetics of grain growth  
Coarsening of the recrystallized grains in AZ31 is observed at longer annealing times 
and at sufficiently high temperatures above 200oC. Fig. 4.14 shows the representative 
microstructures of the AZ31 samples with 5.0=ε  undergoing grain coarsening. Fig 
4.14(A) shows a refined microstructure after full recrystallisation where no more new 
grains were observed to be formed. Figs. 4.14(B) and (C) show coarsening of the 
grains as annealing time progresses in which some grains are consumed by the 
migrating boundaries of the others.  In Fig. 4.14 (D), the grains are significantly larger 
than those in the recrystallized state, with some signs of abnormal grain growth where 
some grains are substantially bigger than the rest.  
 
Microstructural analysis seems to suggest the possibility of variations in M during 
grain growth such that an initial uniform grain growth mechanism is interrupted by 
pockets of abnormal growth at longer annealing times. Such preferential growth of 
some grains over the others has also been attributed to a favourable grain orientation 
for growth in the presence of deformation texture or the effects of particles [62, 64]. In 
the case of this study, particles are absent in AZ31 and hence it is believed that the 
preferential growth of some grains may likely be due to favorable growth orientation 
in the microstructure caused by inhomogeneous distribution of deformation strain. 
However, it is premature at this moment to make any conclusive remarks on the 
phenomena. Nevertheless, it is the interest of this section to study the kinetics of grain 
growth and to know more about the stability of the microstructure at longer annealing 



















Figure 4.14: Representative microstructures showing progress of grain growth for 
AZ31 (A) after 30, (B) 45, (C) 60 and (D) 120 min of isothermal annealing at 400oC 




Burke and Turnbull [85] deduced that the kinetics of grain growth is primarily driven 













where D  is the average grain size after grain growth, oD is the average initial grain 
size, n is the grain growth exponent,  t is the annealing time and c1 is a temperature 






Qcc o exp1                   (4.12) 
 
where co is a constant, Q is the activation energy for grain growth and R is the gas 
constant. Burke and Turnbull [5] assumed that the boundary velocity of a migrating 
boundary of mean diameter D is proportional to the driving pressure on that boundary 
and derived that 2=n . With 2=n , the grain growth kinetics in Eq. 4.11 becomes a 
parabolic function. In practice, n is usually found to range from 2 to 5 with differences 
in material composition and temperature [95, 96]. To find n for AZ31, grain size data 
given in Fig. 4.15 were used. The data were obtained from samples with 5.0=ε  
isothermally annealed at 200 and 400oC up to 300 min. Taking the derivative of 
equation 4.10 with respect to t and then natural log, the growth rate can be rewritten as: 
 
( ) )ln()1(/lnln 1 Dnncdt
dD −−=⎟⎠
⎞⎜⎝











dDln against Dln , the slope of the straight line obtained is equivalent 
to (n-1). From Fig. 4.16, slopes of the two lines obtained by best linear fit show that 
the values of n is 2.4 and 3.8 for the annealing temperatures 200 and 400oC 
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respectively. The reason for n deviating from the ideal may be due to the velocity of 
the grain boundary v not being a linear function of the driving force GΔ described in 
Eq. 4.3. Mobility M in Eq. 4.4 may also vary with GΔ and hence also with D. Since 
AZ31 is a single phase alloy where there are no second-phase particles to interfere 
with boundary migration, the cause is likely to be solute drag in which the Al and Zn 
solute atoms exert a drag that reduces the boundary velocity as they migrate along 
with the grain boundary during grain growth. In any case, the observation of n greater 
than 2 does indicate that the dependence of the grain growth kinetics on temperature 
and also that the grain growth kinetics is more complex than previously anticipated. 
 




dDln against Dln , the value of 1ln c can also be obtained which 
can be plotted against 1000/T, where a straight line can be drawn such that the slope is 
equivalent to –Q/R. The activation energy of grain growth Q is hence measured to be 
73=Q kJ/mol. This value is slightly lower than the energy for grain boundary 
diffusion Qgb in pure Mg (Qgb = 92 kJ/mol) [97] and significantly lower than the 
energy for lattice self-diffusion QL (QL = 135 kJ/mol) [97]. The measured Q for the 





















Figure 4:15: Grain size as a function of annealing time for samples with 5.0=ε after 












Figure 4.16: ( )dtdD /ln as a function of Dln . 










































1. The recrystallisation temperature of cold deformed AZ31 was found to be a 
function of deformation strain. At low strains ( 1.0<ε ), recrystallisation was 
found to occur only above 200oC. By increasing strain ( 3.0>ε ), recrystallisation 
temperature decreased to about 150oC. Thus, a material with inhomogeneous 
strain distribution will be likely to experience non-uniform rates of 
recrystallisation due to the variation in recrystallisation temperature. From the 
experimental data, the static recrystallisation temperature for AZ31 under large 
plastic strains was determined to be 150oC. 
 
2. The recrystallisation kinetics was found to deviate from the JMAK model. The 
Avrami exponent of recrystallisation n was found to be a function of temperature 
and strain, with values ranging from 1.6 to 3.4 with increasing annealing 
temperature and deformation strain. This was found to be due to the non-random 
nucleation of recrystallisation nuclei in which recrystallisation preferentially 
occurs along grain boundaries and within shear bands.  
 
3. The presence of deformation shear bands after deformation results in 
recrystallisation occuring within the bands. This led to an overall more 
homogenous microstructure of finer grain sizes compared to the coarser bimodal 
distribution of grain sizes when deformation strain was low. To refine a coarse 
grained microstructure for AZ31, a combination of large deformation strains 
followed by recrystallisation was required. However, a homogenous 
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microstructure with very fine equiaxed grains would require repeated deformation 
and recrystallisation processing. 
 
4. The kinetics of grain growth could be described by tcDD no
n
1=−  for isothermal 
annealing in the temperature range from 200 to 400oC, where n was found to vary 
between 2.4 and 3.8. The grain growth exponent n is essentially temperature 
dependent and it was believed that alloying atoms in AZ31 caused an increase in n 
as compared to pure Mg. The activation energy of grain growth Q was measured at 
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From the knowledge gained Chapters 3 and 4, a model for the grain refinement 
mechanism for AZ31 during a warm multiple-pass ECAP process is proposed by 




There are little discussions on the grain refinement mechanism of the ECAP process 
for Mg and Mg alloys. Existing models of grain refinement mechanism for ECAP are 
mostly based on studies made on fcc material systems. While it is generally accepted 
that the grain refinement mechanism during ECAP involves a combination of 
mechanical shearing, accumulation of strain and/or dynamic recrystallisation, it 
remains unclear in many situations given that the few existing models are not always 
directly applicable for all material systems undergoing ECAP. While most studies 
have reported some degree of grain refinement after ECAP, the discussion of the grain 
refinement mechanism with respect to the processing parameters and material systems 
remains as a vague description in most cases. This lack of discussion may partly be 
due to the over emphasis on processing a wide range of material systems to observe 
changes in mechanical performance and hence neglecting the study of the fundamental 
issues of grain refinement mechanism. Another reason may be due to the majority of 
studies observing only the resultant microstructures after ECAP, but failing to study 
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the microstructural evolution during the process which gives a good insight into the 
refinement mechanism. One may argue that it is sufficient just to have a general model, 
rather than specific models given that it is quite impossible to define a single unifying 
model to describe every material system and set of processing parameters. The most 
general and acceptable approach in building a grain refinement model for ECAP may 
be formed by just considering the geometry of shear deformation, but there are 
limitations to such models. Initially, Segal [30] proposed a grain refinement model 
based on the deformation induced formation of HAGB assisted by shear band 
formation and subgrain rotation during ECAP. This model forms the backbone of a 
general mechanism which is largely acceptable but some explanations remain unclear 
and require further study. Segal’s mechanism fails to provide the reason why 
microstructure with rounded grains after ECAP can be obtained through such a 
continuous deformation process. A subsequent model was proposed by Zhu et al. [31] 
which essentially was based on the observation of various works on ECAP by 
considering the geometry of deformation. It was concluded that grain refinement was 
primarily the results of the interaction of shear plane with texture and crystal structure. 
A secondary role from the accumulation of redundant shear strain during multiple pass 
ECAP process was cited to assist in the microstructure refinement. Although the 
general idea of grain refinement mechanism is further improved from that of Segal’s, 
further works are needed to strengthen their observations because the studies 
expressed concerns over whether the model is applicable to hcp structured materials, 
which differed in deformation mechanism from fcc structured materials. The studies 
also conceded that it was not possible to sort out how the shear strain plane affected 
grain refinement for all materials given the limited experimental results. More recently, 
Xu et al. [32] who studied ECAPed Al alloy deformed at room temperature, proposed 
Chapter 5 
116 
a model in which the grain refinement process is due to the mechanical shearing of 
grains, and equiaxed grains are formed when the elongated arrays of grains are 
subsequently sheared in other directions. This model is by far one of the more 
descriptive models proposed, but it again described a fcc material system with 
inherently high formability and ductility which deforms primarily by dislocation slip. 
For the case of hcp materials with limited formability at room temperature, the grain 
refinement mechanism for such systems cannot be considered solely on a mechanical 
or geometric approach which neglects the annealing processes involved at their 
respective processing temperatures. Therefore in this part of the thesis, a model 
describing the grain refinement mechanism of the single phase Mg alloy AZ31 would 
be based on: (1) strong experimental evidence from the observations of microstructure 
evolution during ECAP, (2) consideration of the deformation mechanism of AZ31 in 
response to shearing during ECAP, and (3) the intertwined effects from thermal 
processes, especially recrystallisation and/or grain growth, during ECAP. The 
understanding of the grain refinement mechanism during warm ECAP of AZ31 can 
thus enable better control of processing parameters for effective grain refinement and 
the principle may also be extended to other Mg systems.  
 
 
5.2 Results and discussion 
The primary mode of deformation during ECAP is shearing. As the material crosses 
the intersection of the channel, it experiences a shear deformation that induces a shear 
strain. Using this principle, the average effective strain ε induced per ECAP pass in 
















1ε       (5.1) 
 
Eq. 5.1 estimates that the average effective strain per ECAP pass to be 0.9 for the die 
geometry used in the present study. To accommodate this amount of strain, the 
generation and accumulation of dislocations, twins, shear bands and grain boundaries 
raise the free energy of the material making it thermodynamically unstable. When a 
cubic element in the material as shown in Fig. 1.2 undergoes shear deformation 






o UGU += 221 γ         (5.2) 
 
where γ is the amount of shear strain after deformation, G is the shear modulus and 
defects




o UUUUfU +++=      (5.3) 
 
where Udislocations is the stored energy as dislocations, Utwins is the stored energy as 
twins, UGB is the stored energy as grain boundaries and Upoint defects is the stored energy 
as point defects. Upoint defects may be neglected in this case since the mobility of point 
defects is high and their contribution to the total strain energy is negligible. By 
considering just the stored energy due to an increase in dislocation density ρ and grain 
boundary volume, a conservative estimation made from Eq. 5.2 (with γ = 2 and G = 17 
GPa for AZ31) if typically 1% [62] of the strain energy is stored in the material as 
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defects, represents a stored energy of more than 170 kJ/mol. This amount of stored 
energy represents a considerable driving force for the material to undergo recovery, 
recrystallisation and grain growth to lower the overall energy of the system during 
deformation if thermal activation allows it. Since multiple pass ECAP for AZ31 needs 
to be carried out at at least above 200oC to avoid premature fracture, it is fairly certain 
from the findings in Chapter 4 that recrystallisation and subsequent growth of the 
recrystallized nuclei is in progress. As such, the grain refinement model for AZ31 
during ECAP needs to incorporate these thermally activated processes as substantial 
modifications to the microstructure are made by these processes. 
 
 
5.2.1 Microstructural evolution during ECAP  
A fully annealed AZ31 billet with an average grain size of about 48 µm was subjected 
to 1 ECAP pass at 200oC. The microstructure evolution in the longitudinal direction 
during the ECAP process is shown in Fig. 5.1. Fig. 5.1(A) shows large equiaxed 
grains from the annealed state before undergoing deformation. Figs. 5.1(B) and (C) 
show the microstructures of the material in the shear zone where the grains are visibly 
deformed and elongated in the direction of shear, with large densities of needle like 
shear bands being formed. The large quantities of shear bands observed suggest that 
deformation mechanism at elevated temperature remains limited by the lack of easy 
dislocation slip systems. Crystallographic slip on the basal and prismatic slip systems 
are in principle active together with deformation twinning at elevated temperatures. 
Shear deformation during warm ECAP should activate the additional ac +  type 
pyramidal slip that causes a c-axis extension to accommodate the strain. However, 
since the cross section remains unchanged during ECAP and also the higher the 
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resolved shear stress of such c-axis deformation is, the more severe through thickness 
strain needs to be accommodated in a more efficient manner which cannot be achieved 
solely by slip nor twinning. Therefore, the formation of shear bands can effectively 
accommodate both deformation strain and grain continuity by aligning the easy glide 
basal planes more favorably for shear. It is interesting to note that the bands are in an 
orientation 40±  to 60o with respect to ND which corresponds roughly to the 
orientation of the shear plane. Therefore, it is likely that the mechanism leading to the 
formation of these bands is preceded by 〉〈 1110}2110{ deformation twins which are 
necessary to activate c-axis type deformation for full conformity to the Von Mises’ 
criterion. As such, the deformation microstructure plays a critical role in determining 
the grain refinement mechanism in AZ31 as shear bands are not able to evolve into 
refined and rounded grains simply by mechanistic evolution. In Fig. 5.1(D), the 
microstructure slightly further away form the shear zone shows the disappearance of 
the majority of shear bands. New rounded grains are observed to have evolved from 
the deformed structure. In Fig. 5.1(E), the microstructure had further evolved into 
rounded grains with the complete disappearance of the deformation structures. Overall, 
there is significant grain refinement from an initial 48 µm down to an average of about 
11 µm at the end of 1 ECAP pass. This observation strongly supports a refinement 
mechanism which is a constant evolvement within each ECAP pass rather than a 
progressive change with additional ECAP passes as previously suggested by some 
studies [2, 3]. If the grain refinement during ECAP for Mg is solely due to the 
accumulation of strain from the shear deformation of grains and their subsequent 
interaction with other shear planes in subsequent ECAP passes to create new grain 
boundaries [31], it will be difficult to explain the microstructural observations made in 
Fig. 5.1. Although dynamic recrystallisation had been suggested to play a part [6], 
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those discussions were not fully developed nor given supporting experimental 
evidence due to the lack of understanding of the recrystallisation kinetics and 
mechanism specific to Mg. From the data obtained in Chapter 4, the recrystallisation 
temperature is around 150oC for large deformation strains above 0.3. Although 
recrystallisation temperature does not decrease below 150oC for larger strains, 
microstructures shown in Fig. 5.1 proves that the severe plastic strains of 0.9 per 
ECAP pass is able to activate recrystallisation immediately after deformation in 
addition to substantially increasing the kinetics of recrystallisation. A rough estimation 
predicts that recrystallisation rate is very likely to be increased by an order of 
magnitude under the given strain condition and temperature compared to the rates 
obtained for samples in Chapter 4. In other words, full recrystallisation can be 
completed within the amount of time needed to complete 1 ECAP pass which is in the 
region of about 100 sec. As such, given the increase in the rate of recrystallisation and 
the role of shear band during recrystallisation to produce grain refinement as described 
in Chapter 4, it should be fairly obvious that grain refinement mechanism for AZ31 is 
a thermo-mechanical process as opposed to models based on dislocation induced 
formation of grain boundaries obtained by studying fcc material systems [31, 32]. In 
these models, multiple ECAP passes were required to obtain round refined grains due 
to the need to generate sufficient geometric necessary boundaries to form new grain 
boundaries through strain accumulation and interaction of shear. Here, a single warm 
ECAP pass was sufficient to allow the microstructure to evolve during the process 



























Figure 5.1: Microstructural evolution of AZ31 during 1 pass of ECAP at 200oC at 
different locations along the die: (A) before material enters shear zone, (B) inner 
curvature of shear zone, (C) outer curvature of shear zone, (D) shortly after shear zone 
and (E) farther away from shear zone.  
20 µm 












The structures of the shear band observed in Figs. 5.1(B) and (C) are further 
magnified in Fig. 5.2. Within these shear bands, newly formed grain boundaries are 
observed to divide the bands into sections like those observed in Figs. 5.2(A) to (C). 
In some broader shear bands shown in Fig. 5.2 (D), new small grains are observed to 
have recrystallized within the bands. The shear band structures and dislocations within 
the grains are also shown in the TEM micrographs in Fig. 5.3. From these TEM 
images, dislocations were observed to form subgrain boundaries. This intricate 
network of low angle boundaries can continue to experience growth to form new grain 
boundaries like those shown in Fig. 5.3 (B). Eventually, continuous growth of such 
grains can produce equilibrium grain boundaries which are much smaller than the pre-
ECAP grain size. The kinetics of the recrystallisation process observed during warm 
ECAP can be compared to the static recrystallisation of cold compressed AZ31 
described in Chapter 4. Using the JMAK model depicted in Eq. 4.9 and assuming that 
the Avrami constant n to be 3.4, the nucleation and growth rate of the recrystallisation 
nuclei during ECAP at 200oC is conservatively estimated to be at least 4 times that 


























Figure 5.2: (A) Optical micrograph showing band like deformation structures 
immediately after shear zone. (B), (C) and (D) show recrystallized grains within the 
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Figure 5.3: Representative TEM micrographs of AZ31 after ECAP showing the 
presence of (A) dislocation entanglements, (B) non-equilibrium grains (C) subgrain 










To further prove the grain refinement mechanism of AZ31 during ECAP to be a 
thermo-mechanical process and also to investigate the effectiveness of multiple pass 
ECAP on grain refinement, the billets were subjected up to 4 ECAP passes at 200oC. 
The resultant microstructures are shown in Fig. 5.4. The optical micrographs show 
increasingly homogenous microstructures of equiaxed grains after every additional 
pass. The homogenous microstructures of equiaxed grains in Fig. 5.4 are again 
evolved from the shear zone microstructures shown in Fig. 5.5. The shear bands 
observed in Fig. 5.5 are much denser compared to those observed in Fig 5.2 as they 
were formed within smaller grains as the microstructures were more refined with 
every additional pass. The evolution of the microstructure from highly distorted grains 
to equiaxed grains at the end of every additional ECAP pass further confirms a 
thermo-mechanical grain refinement mechanism for AZ31 during ECAP. Fig. 5.6 
shows the TEM micrographs of the microstructure of AZ31 after 1, 2, 3 and 4 passes 


























Figure 5.4: Optical micrographs showing microstructure evolution of AZ31: (A) 











Figure 5.5: Optical micrographs showing microstructure in shear zone during (A) 





























Figure 5.6: TEM micrographs showing microstructures after (A) 1, (B) 2, (C) 3 and (D) 








It has been shown so far that the extent of grain refinement during ECAP is dependent 
on both the number of passes (hence the amount of strain induced) and in-process 
annealing. It is also obvious that the processing temperature will have an effect on the 
resultant grain size. The average grain sizes after each ECAP pass for three different 
temperatures are given in Table 5.1. At 170oC, the material failed catastrophically on 
the third pass. It is obvious that the material had insufficient formability at 170oC to be 
able to undergo the severe plastic strains. However, the average grain size after the 
second pass is almost equivalent to a 4 pass sample ECAPed at 200oC due to the 
emergence of numerous very small new grains that reduced the grain size statistically. 
By increasing the processing temperature to 200oC and above, 4 ECAP passes can be 
conducted without failure. The grain size at the processing temperature of 200oC is 
smaller after every additional pass. Even at 240oC, the grain refinement continues to 
follow a similar downward trend. However, the average grain size at every pass is 
slightly larger compared to that processed at 200oC. The relationship between 
additional ECAP pass, processing temperature and processing time a billet spent in the 
die can be explained as follows. Given the same dwell time when a billet spends in the 
die, the rate of recrystallisation differs with respect to the processing temperature. At a 
higher temperature, recrystallized grains are able to grow at a faster rate resulting in 
slightly bigger grain size but more homogenous. The longer the time the billet spends 
in the die at a given processing temperature, the larger is the resultant grain size due to 
the growth of the recrystallized grains. The data obtained showed that it is important 
to control the processing temperature in order to strike a compromise between 
formability and grain refinement. Hence, one of the reasons why large variations in 
grain size can be observed for a similar material undergoing ECAP may be due to the 
difference in the processing temperature and dwell time even at the same number of 
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ECAP passes. Therefore, the reason why some Mg and Mg alloys do not show 
significant grain refinement after multiple passes of ECAP or show further refinement 
with more ECAP passes may be due to the high processing temperature used [15, 47]. 
In a thermo-mechanical grain refinement model, the processing temperature and dwell 
time is equally important as the number of ECAP passes in determining the extent of 




Average grain size (µm) of AZ31 at different ECAP temperatures 
ECAP temperature (oC) Number of passes 
 0 1 2 3 4 
170 48.1 5.7 2.2 - - 
200 48.1 10.1 4.2 2.7 1.4 













5.2.2 A microstructural model for grain refinement in AZ31 
Building upon the microstructural studies presented in Section 5.2.1, Fig. 5.7 is a 
schematic illustration of the model proposed for the grain refinement of Mg during 
ECAP. The deformation of hcp Mg during ECAP is predominantly restricted to 
dislocation slip in the basal and prismatic slip systems, twinning in {10 1 2} <10 1 1> 
and later through formation of deformation shear bands. Additional pyramidal slip 
systems are usually activated at higher temperatures, but are limited due to a high 
critical resolved shear stress. The shear deformation of Mg leads to net shape change 
confined by the shear plane and the twin deformation due to the limited slip systems 
available. In contrast, a shear deformation by ECAP on fcc Al deforms largely by 
dislocation slip which produces a complicated network of dislocation entanglements, 
leading to the accumulation of geometric necessary boundaries which increases 
misorientation as more strain is applied. As such, refinement of the grains can be 
achieved by continuously generating dislocation networks that cause grain crystallites 
to emerge from the process of deformation. Thermally activated recovery processes to 
assist in grain refinement are therefore not as crucial, as the mechanical mechanism 
alone is sufficient in providing for the creation of new grain boundaries. In fact, 
heating may instead have an adverse effect on the effectiveness of grain refinement on 
fcc materials as dislocations can be annealed out, preventing the formation of new 
grain boundaries. Fig. 5.7(B) shows a schematic drawing of the microstructure of Mg 
immediately after deformation, illustrating the effects of shear bands and dislocation 
entanglements within the grains. The net change in shape is restricted to the original 
grain. At this point, the driving force for recrystallisation in the material from the 
accumulation of defects is high. The heating effect from the die recovers formability 
by annealing out point defects, rearranging dislocations as well as nucleating strain 
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free grains to continue the deformation process. The nucleation of new grains, which 
occurs along the grain boundaries and within the shear bands, together with the 
rearrangement of dislocations via glide and climb to form subgrain structures within 
the grains leads to a formation of new grain boundaries shown in Fig. 5.7(C). This 
transition occurs immediately after the shear zone. The newly formed grains and the 
intermix of high and low grain boundaries continue to grow at the expense of the 
original grains, with low angle boundaries transforming into high angle boundaries as 
dislocations continuously get trapped at the low angle boundaries while trying to pass 
through them. Consequently, the deformation-zone structure is completely replaced by 
new equiaxed grains at the end of the ECAP pass as shown in Fig. 5.7(D). This 
process is repeated for the next ECAP pass starting from the shear deformation of the 
equiaxed grains of the previous ECAP pass. A low processing temperatures and short 
dwell time in the die may be more effective in controlling excessive grain growth to 
maintain an overall finer microstructure but this risks material fracture. High 
temperatures and long dwell time in the die have the opposite effect. Therefore, the 
ECAP of Mg with the sole objective to refine grains is a dynamic problem, which is 
the reason why most current data available are empirical in nature. This also explains 
the disparities reported on the effectiveness of ECAP on grain refinement and the 
minimum grain size achieved by different studies on Mg as the processing parameters 
in each investigation are not identical. This is yet another reason why there is 
difficulty in addressing the issue of grain refinement mechanism for ECAP since past 
efforts have mostly been focused on the mechanistic aspect of the problem, thus 
yielding different levels of grain refinement even though a similar mechanical 
processing route is employed. In addition, it is acknowledged that factors like 
interaction of shear planes, grain rotation and texture play an important role in 
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assisting in grain refinement after multiple ECAP passes. The complexity of the 
crystallography caused by the repetitive passes and varying shear planes provides 
additional mechanistic considerations which may enhance the level of grain 








































Figure 5.7: Proposed grain refinement mechanism during ECAP of Mg at above room 
temperatures showing: (A) coarse-grained microstructure before ECAP, (B) 
immediately after shear deformation, original grains deformed along shear plane while 
shear bands and dislocation pile-ups formed within grains, (C) shortly after 
deformation where annealing leads to rearrangement of dislocations and formation of 
subgrain structures; nucleation of new strain free grains along grain boundaries and 
within shear bands also occurs, and (D) static growth of nuclei leads to formation of 
high angle boundaries from subgrains and recrystallized grains with equiaxed grains 






1. Results showed that the grain refinement mechanism for AZ31 during ECAP is a 
thermo-mechanical process initiated by mechanical shearing and subsequent 
recrystallisation and growth of recrystallized nuclei and also subgrain cells to 
produce refined and equiaxed grains within one ECAP pass.  
 
2. The deformation microstructure in the shear zone during ECAP consisted of 
elongated grains in the direction of shear with large amounts of shear bands and 
dislocation entanglements. Recrystallisation preferentially occurred along grain 
boundaries and within shear bands. The growth of recrystallized nuclei replaced 
the deformed structure shortly after leaving the shear zone. Microstructure evolved 
into rounded grains of significantly smaller average sizes. 
 
3. Multiple ECAP passes showed that further grain refinement can be achieved with 
every additional pass. It was observed that temperature plays a key role in the 
effectiveness in the grain refinement of Mg by ECAP in addition to the processing 
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This chapter investigates the relationship between the microstructure and mechanical 
properties of AZ31 after undergoing multiple pass ECAP. The interaction of shear 
planes during ECAP imparts unique textures to the material even as grain refinement 
is observed with every additional ECAP pass. The combination of very fine grain 
sizes and the presence of texture lead to unique mechanical properties in which the 
rate-controlled deformation mechanism during tensile loading needs to be reexamined. 
To address these issues regarding the origin of strengthening and ductility in the very 
fine grained ECAPed AZ31 compared to those that are conventionally processed,  
mechanical properties are studied in relation to the  grain size, crystal structure, 




Studies have shown that the ductility of Mg can be enhanced by alloying, grain 
refinement and texture modification [15, 18, 19]. Strength of Mg can be further 
improved by strain hardening, solid solution strengthening, particle dispersion 
strengthening and also grain size refinement [15, 55, 98]. However, mechanical 
properties after ECAP reported for Mg alloys have been rather varied [15, 47, 67, 99, 
100]. Admittedly, the processing parameters in these studies are not fully consistent 
with each other, which will invariably lead to variations in microstructure as discussed 
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in Chapter 5. Factors like texture and refined microstructure have been suggested as 
reasons for ductility improvement after ECAP [15, 19, 100]. As a result, there are 
different opinions as to whether ECAP improves strength or ductility, or whether there 
is a possibility to improve both [47, 100]. There are also different views on the real 
strengthening mechanism in single phase Mg alloys after ECAP. The possible reasons 
that are cited include strain hardening and grain refinement. Although there had been 
previous studies on the mechanical properties of pure Mg and AZ31 processed by 
ECAP, there were no conclusive remarks on strength and ductility [15, 67, 99]. This 
situation arises as a result of failure to address the grain refinement mechanism during 
ECAP and linking it to the strengthening mechanism with consideration for the 
deformation texture. This chapter attempts to address these issues by studying the 
mechanical properties of AZ31 after a multiple pass ECAP process by considering the 
effects of grain refinement and texture. 
 
 
6.2 Experimental procedures 
AZ31 billets underwent a total of four ECAP passes at 220oC according to route BC. 
Standard tensile tests were conducted at room temperature at a constant strain rate of 
141033.3 −−× s . To investigate the effect of strain rate on mechanical properties, 
additional tensile tests were conducted at strain rates of 121033.3 −−× s , 131033.3 −−× s  








6.3 Results and discussion 
6.3.1 Crystal structure and grain size 
Crystal structures of the AZ31 samples were examined with XRD. Fig. 6.1(a) shows 
the XRD spectrum of the as-received unECAPed AZ31 with peaks from Mg at (100) 
and (101). Fig. 6.1(b) shows that after one ECAP pass, (100) peak is reduced while the 
(002) diffraction intensity was increased. It appears that ECAP has caused a change in 
the orientation of crystals with preference for the (002) and (101) planes (Figs. 6.1(c) 
through (e)). Additional ECAP passes led to a gradual increase in the relative intensity 
of (002) and (102) planes, indicating the formation of deformation textures. A more 
detailed discussion on the preferred orientation and texture after ECAP is given in 
section 6.3.2.2. The XRD spectra showed no peaks for second phase intermetallics 
which implied that the Al and Zn are all in solid solution with Mg after solutionizing 

































Figure 6.1: XRD spectra of AZ31 after ECAP. 
 
 
Optical micrographs of the 0-pass, 1-pass, 3-pass and 4-pass AZ31 ECAPed at 220oC 
are shown in Fig. 6.2. The initial grain size after 1 ECAP pass was reduced from 48 to 
































(e) 4 ECAP Pass
(c) 2 ECAP Pass




(d) 3 ECAP Pass
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coarser grains in the region of 15– 20 µm and numerous grains in the range of 6 - 12 
µm. The microstructure became more homogenous with additional ECAP passes as 
the interaction of shear and recrystallisation during ECAP “breaks up” the coarser 
grains. A reasonably homogenous microstructure was obtained after 4 ECAP passes as 
shown in Fig. 6.2(D) and the grain size distribution in Fig. 6.3(D). A point worth 
reiterating is that the resultant microstructure after ECAP, regardless of size and 
distribution, is one that consists of equiaxed grains. From the TEM images shown in 
Chapter 5, the subgrain structures typically in the range of 500 to 800 nm are present 
after ECAP, which essentially lowers the average grain size if taken into consideration 
in grain size calculation. Therefore, the volume of grain boundaries after 4 ECAP 
passes has been significantly increased over the initial as-received state down to a very 
fine grained microstructure of about 1.9 µm by considering HAGB alone. This 
increase in volume of grain boundaries has significant effects on the mechanical 




























Figure 6.2 Representative microstructures of AZ31 after (A) 0-pass, (B) 1-pass, (C) 3-































Figure 6.3: Average grain size and grain size distribution of (A) 1, (B) 2, (C) 3 and (D) 
4 pass ECAPed AZ31. 
 
 
6.3.2 Mechanical behaviors 
Fig. 6.4 shows the true stress-strain curves of AZ31 obtained at room temperature and 
at a constant strain rate of 141033.3 −−× s . Fully annealed AZ31 denoted as 0 pass in 
Fig. 6.4 shows a low yield strength of about 116 MPa a value close to that given in the 
handbook [68]. The elongation at failure is about 13%. The yield strengths of the 
















































































specimens increased significantly after 1 and 2 ECAP passes to 178 and 195 MPa 
respectively and the elongation at failure was surprisingly increased to about 20% 
with the increase in strength. After 4 ECAP passes, the yield strength is around 
250MPa with elongation at failure dropped to about 7%. The relationship between 
mechanical properties and number of ECAP passes is shown in Fig. 6.5 where yield 
strength increases with additional ECAP passes while ductility increases for the first 2 
ECAP passes but then decreases on the third and fourth passes. One of the main 
reasons associated with the increase in yield strength after ECAP is due to grain 
refinement. The reduction in grain size effectively reduces the extent of twinning and 
dislocation slip across the grain and also induces mutual interference to slip within the 
grains. This increase in the yield strength from grain refinement is evident in Fig. 6.4 
where the true stress-strain curves exhibit progressively lesser strain hardening 
behaviors for samples with more ECAP passes. The stress-strain curve of the 0-pass 
samples shows large strain hardening behavior. This is typical for coarse grained 
materials which accumulate larger amounts of deformation twins, dislocation slip and 
entanglement during plastic deformation. The microstructures after each ECAP pass 
show the presence of equiaxed grains which are the results of recrystallisation and 
growth. Therefore, the contribution from strain hardening to yield strength is limited 
although severe plastic strains were induced on the material with every ECAP pass. 
By virtue of the recrystallisation process during ECAP, a large portion of the 
dislocation entanglements in the deformed grains would have been removed and are 
replaced by new strain free grains. The flow curve of the specimen in the region of 
uniform plastic deformation can be expressed by the power law: 
 




where n is the strain hardening exponent and K is the strength coefficient. By plotting 
Eq. 6.1 as log-log plot, the strain hardening exponent can be found from the slope of 
the log-log curve. As shown in Fig. 6.6, strain hardening exponent n decreases 
considerably with every additional ECAP pass from 0.242 (0 pass) to 0.073 (4 pass). 
This clearly shows that the tensile yield strength is increased by the modification of 
the ability of dislocation slip and twinning due to grain refinement. The results 
obtained here agree well with ECAPed 2024 Al alloy [101] where n decreased from 
0.166 to 0.045 after 1 ECAP pass and was also accompanied by increase in yield 
strength. However, among the few notable reports on ECAPed AZ31, Kim et al. [67] 
reported a low n of 0.053 for annealed AZ31 before ECAP which increased to 0.143 
after 4 ECAP passes. The yield strength decreased from 200 MPa (0 ECAP pass) to 
180 MPa (4 ECAP passes) but the ductility instead increased from 4% to about 9%. 
Xia et al. [99] likewise reported a decrease in yield strength for AZ31 after 4 ECAP 
passes and yield strength only showed an increase by the eighth pass. Xia also 
reported a corresponding increase in ductility from 13 to 25% after 4 ECAP passes. It 
appears that there is a contradiction in the results since all studies reported grain 
refinement. However, further investigation revealed the possible reasons for these 
varied results. Firstly, the AZ31 samples in the present study were annealed at 500oC 
for 8 hrs to ensure full relaxation of the material, which correspondingly manifested 
yield strengths close to handbook figures (~130 MPa). In the study by Kim, the AZ31 
was extruded and then annealed at 420oC for 2 hrs. According to grain growth kinetics 
obtained in Chapter 4, the annealing was possibly insufficient to ensure full softening 
from the extruded state. This is evident from the high yield strength of the AZ31 (200 
MPa) and exceedingly low ductility (4%) before ECAP, which can only be due to the 
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effects of the prior extrusion and not due to fine grains as the grain size was large (> 
40 µm). In the case of Xia, the AZ31 was extruded and was not annealed before 
ECAP, which likewise showed high yield strength (~200 MPa) for the unECAPed 
samples. Currently, it is not clear why some of the yield strengths of AZ31 in those 
studies decreased after ECAP even though grain refinement was reported. It may 
possibly be due to softening through texture modification but further investigations are 
required to verify their observations. On the other hand, it has also been reported that 
grain refinement lead to both increase in yield strength and ductility for Mg alloys [15, 
100]. While it is possible that ultra-fine or nanocrystalline grain sizes have modified 
the deformation mechanisms at the grain boundaries such that ductilities can be 
enhanced, there is little evidence to prove conclusively that micron sized grains (1-10 
µm) are also able to demonstrate such mechanisms at room temperature. Although the 
results obtained in the current study also showed increase in both yield strength and 
ductility in the first two ECAP passes, ductility decreased significantly in the next two 
additional passes even as grain size was further refined. Hence, ductility enhancement 
cannot solely be due to effects from grain refinement whereas strengthening may be 
accompanied by grain refinement given the considerations mentioned earlier in this 
section. Further investigations on the issue of ductility enhancement in relation to 
texture would shed some light on the matter in Section 6.3.2.2. At the moment, it can 
be deduced that most studies on ECAPed AZ31 do not truly reflect the effect of the 
ECAP process itself as the materials employed carried the effects from their prior 
material processing in one way or another. Therefore, for a truly unambiguous 
reflection of the effect of ECAP on mechanical properties of AZ31, the starting state 
of the material is crucial, which should be one that is fully annealed to relieve any 


























Figure 6.5: Summary of room temperature mechanical properties of unECAPed and 
ECAPed AZ31. 
































































Figure 6.6:  Evaluation of strain hardening exponent n.  
 
 
6.3.2.1 Yield strength versus grain size 
The general relationship between yield strength and grain size can be described by the 
Hall-Petch relation: 
 
2/1−+= dK yiσσ  (6.2) 
 
where σ is the yield strength, σo is the friction stress or the overall resistance to 
dislocation movement, Ky is a constant which measures the relative hardening 
contribution of the grain boundaries and d is the average grain diameter. The change 
in yield strength with respect to grain size according to Eq. 6.2 for the ECAPed AZ31 




















included for comparison. The Hall-Petch relation is consistently observed for ECAPed 
AZ31 in this study and also for pure Mg, Mg-0.9%Al, AZ31 and AZ91, except for one 
study on AZ61. The value of Ky for AZ31 after ECAP in this study was calculated to 
be 0.247 MN/m3/2, comparable to the value of pure Mg of about 0.279 MN/m3/2 [102]. 
The positive slopes of the Hall-Petch relation observed for Mg alloys confirm again 
that the additional strengthening of the ECAPed Mg alloys is a direct consequence of 
grain refinement. The degree to which grain refinement can be fruitfully utilized 
appears to depend on each material system and processing parameters and also on the 
Hall-Petch coefficient Ky. Grain refinement plays an important role in strengthening in 
the absence of second phase particles and strain hardening as the deformation 
mechanism remains governed by dislocation slip and twinning. So far, the minimum 
grain size (for HAGB only) reported for ECAPed single phase Mg alloys remain 
above 1 µm. This does not take into consideration the subgrain structures (LAGB) 
which are typically in the range of 0.5 to 0.8 µm as frequently observed after ECAP 
(Fig. 5.4). Therefore, the strength of conventional AZ31 is not expected to exceed 300 























Figure 6.7: Hall-Petch relationship for ECAPed Mg and Mg alloys. [15, 47, 67, 103] 
 
6.3.2.2 Ductility after ECAP 
It has been argued that improvement in ductility after ECAP for Mg alloys was partly 
contributed by grain refinement on top of texture modification that favored dislocation 
slip [19, 27]. So far, the evidence proving that grain refinement contributes towards 
ductility in ECAPed Mg remains arguable even though some studies did show that 
ductility of Mg alloys increased with grain refinement. Important questions 
concerning the increase in ductility via grain refinement are how much refinement is 
needed and where does ductility in the material originate from after ECAP. For the 
first question, current grain refinement via ECAP for Mg alloys remains above 1 µm 
as mentioned earlier, or slightly smaller if subgrain structures are taken into 
consideration. There seems to exist a practical limit to the minimum grain size which 
Mg alloys are able to achieve given their formability and processing parameters via 































ECAP. This sheds some light to the next question: what is the range of grain size that 
would affect ductility. Interestingly, Mukai et al. [18] reported that annealing after 
ECAP to coarsen grains in AZ31 showed the most significant increase in ductility and 
that grain refinement was responsible for the increase in ductility in another Mg alloy 
[104]. Mukai was able to demonstrate that AZ31 samples with average grain size of 
15 µm after ECAP and annealing had tensile ductility of more than 40% at room 
temperature and conventional strain rates. This far exceeded any values on elongation 
under similar tensile testing conditions even for fully softened AZ31. So far, such 
phenomenal ductility under conventional tensile testing can only be achieved by 
nanocrystalline Mg alloy under certain critical grain sizes [55]. Therefore, 
improvement in ductility of ECAPed AZ31 in the low micron range is most probably 
achieved through the modification of the texture in favor of dislocation slip rather than 
through grain refinement. 
 
Fig. 6.8 shows the evolution of crystallographic textures through the series of pole 
figures measured in the )0110( , (0002) and ( 1110 ) planes. The (0002) basal planes in 
the ECAPed condition lie primarily at 40 to 50o offset with respect to the extrusion 
axis with progressively stronger relative intensities to match. The ( 1110 ) planes 
appear to lie perpendicular to the extrusion axis. The relative intensities of the pole 
figures relate fairly well with the XRD patterns shown in Fig. 6.1. Therefore, it is 
reasonable to deduce that majority of the grains are rearranged during ECAP to 
become aligned in the shear plane as the billet undergoes deformation thereby 
developing strong basal texture. Since recrystallisation occurs after deformation, the 
recrystallized grains preferentially nucleate in the aligned planes and directions, as 
also previously reported by Mukai et al. [18]. It appears that the processing route BC 
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adopted here has profound effect on the texture by the fourth ECAP pass as a single 
fiber basal texture has been developed. In comparison, textures of AZ31 after 
extrusion typically show the basal planes being aligned parallel to the extrusion axis 
while the )0110( planes lie perpendicular as schematically shown in Fig. 6.9. With the 
basal planes aligned with the shear plane of the ECAP die, the majority of the grains 
are aligned more favorably for dislocation slip in the extrusion axis which is also the 
tensile axis. In other words, the Schmid factor m for basal slip in the preferred 
orientation is very near the maximum value 0.5 for the majority of the grains. This is 
the key reason why Mukai [18] and Agnew [19] separately observed improved 
ductility in the textured annealed ECAPed samples, which was accompanied by a 
significant decrease in the yield strength due to reduced strengthening from grain 
coarsening. The annealing process after ECAP in those studies effectively preserved 
the ECAP textures but allowed grains to coarsen to about 10 to 15 µm for greater 
strain hardening behavior. Therefore, it is very likely that the improved ductility 
observed here in Fig. 6.4 for the samples after 1 and 2 ECAP passes over the 
unECAPed ones to be due to strong basal textures developed after ECAP. It is 
interesting to note that ductility over 40% could be achieved by conventionally 
processed Mg alloy samples under tensile tests at room temperature by Mukai and 
Agnew. Deformation mechanism by dislocation slip and twinning in hcp Mg could 
hardly accommodate all the plastic strains without assistance from other deformation 
mechanisms like grain boundary sliding (GBS) or grain boundary diffusion. 
Nevertheless, all the results presented here prove strongly that texture is the key factor 
in improving ductility of AZ31, albeit to varying extents. Therefore, it may appear that 
the reduced ductility of the samples after the third and fourth ECAP passes contradict 


























Figure 6.8: Pole figures showing evolution of crystallographic texture after ECAP. 
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Figure 6.9: Schematic diagram showing the orientation of basal planes developed in 
AZ31 during (A) ECAP and (B) conventional extrusion. 
 
 
above, since basal texture become even stronger. The reason for such observations is 
due to the competition between ductility increase by texture and ductility decrease 
through strengthening by grain refinement. Putting things into perspective, the yield 
strength for AZ31 after 4 ECAP passes is around 250 MPa with an elongation at 
failure of slightly less than 7%. In comparison, conventionally extruded AZ31 has 
yield strength in the region of about 200 MPa or less with elongation at failure 
typically around 10%. Therefore, it indicates that the strong basal texture after 4 
ECAP passes has helped to extend the ductility of the samples which otherwise should 







6.3.3 Effects of strain rate on yield strength and ductility  
The grain size of ECAPed AZ31 after 4 passes is about 1.9 µm with subgrain 
structures in the 500 to 800 nm range. The large volume of grain boundaries in the 
fine grained AZ31 compared to its coarse grained counterparts can cause the material 
to exhibit some differences in deformation behaviors under different strain rates even 
at room temperature. The strain rates used here fell within the range specified for 
conventional “static” tensile tests from 10-5 to 10-2 s-1. Figs. 6.10(A) and (B) show the 
yield strength and elongation respectively as a function of strain rate for ECAPed 
AZ31 samples with different grain sizes. The coarse grained AZ31 samples (annealed 
and unECAPed) showed little influence of strain rate on yield strength and elongation. 
Naturally, the plastic deformation mechanism is via dislocation slip and twinning and 
strain rate is not expected to be of any significant influence at room temperature. 
However, for the very fine grained AZ31 samples after 4 ECAP passes, strain rate had 
fairly significant effect on yield strength and elongation. It is observed that yield 
strength and elongation can vary by as much as 50 MPa and 7% respectively by 
changing the strain rate. While a complete change in deformation mechanism through 
grain refinement from 50 to 1.9 µm is not expected, the ability for dislocation to slip 
and twinning may be hindered. Plastic deformation is still dominated by dislocation 
slip and twinning but the length scale in which the dislocations are able to move is 
now greatly reduced by the grain boundaries [105]. As such, density of mobile 
dislocations is also reduced fairly quickly. A general relationship between flow stress 
and strain rate at a constant temperature can be given by [61]: 
 




where σ is the flow stress, ε&  is the strain rate and m is the strain rate sensitivity 
exponent. The value of m can be obtained from the slope of a logarithmic plot of σ 











∂= &          (6.4) 
 
Fig. 6.11 shows the value of m as a function of grain size. At the largest grain size, the 
strain rate sensitivity is 0.009, later increases by 3.5 times to 0.033 when grain size is 
reduced by 25 times to less than 2 µm. Currently, there is no information published on 
the value of m as a function of grain size for AZ31. It is understandable that most 
strain rate sensitivity tests on AZ31 are conducted at elevated temperatures to 
investigate the effect of temperature on superplasticity. The value of m at room 
temperature is usually considered low and insignificant. However, the values of m 
obtained in the present investigation showed that the effects of grain refinement on 
strain rate sensitivity cannot be neglected even at room temperature. In comparison, m 
for pure Al has been reported to be 0.025 at 250oC [106], 0.019 for ECAPed 
nanocrystalline (NC) Cu at room temperature [107] and 0.021 for ECAPed ultrafine 
grained (UFG) Fe [108] under static strain rate test conditions. Through grain 
refinement alone, strain rate sensitivity for AZ31 was effectively raised to the levels of 
NC and UFG of the above mentioned materials.  
 
The activation volume v* represents the average volume of dislocation structure 

















τ &ln)(*        (6.5) 
 
where )(τHΔ is the activation enthalpy, k is the Boltzmann constant, T is the absolute 
temperature, γ&  is the shear strain rate and τ is the shear stress. τ
γ
∂
∂ &ln  can be obtained 
from the slope of the straight line obtained by plotting γ&ln  versus τ for different grain 
size.  
 
The activation volume is obtained using Eq. 6.5 and is expressed in terms of b3 in 
keeping with common practice, where b is the Burgers vector. Figs. 6.12(A) and (B) 
show the plot of γ&ln  versus τ, and v* versus grain size respectively. Calculations show 
that the activation volume is about 130b3 for coarse grained unECAPed AZ31. This 
decreases significantly to 25b3 for ECAPed AZ31 with an average grain size below 2 
µm. Wei et al. [107] reported a decrease in activation volume from 1000b3 to 48b3 for 
ECAPed Cu with LAGB in the 300 nm range and proposed that the rate controlling 
mechanism in coarse grained material was due to the obstacle to motion of glissile 
dislocations by forest dislocations. The activation volume, *v , can also be written as 
[110]: 
 
** lbv ××= ξ           (6.6) 
 
where ξ is the distance swept by the mobile dislocation during one activation event 
and l* is the length of dislocation segment involved in the activation. At very small 
grain sizes, l* becomes the controlling length scale [111]. Therefore, instead of 
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resisting the motion of dislocations within the grain, movement of the dislocations is 
limited by the grain boundaries as the forest dislocations density within the grains 
becomes very low as grain size becomes smaller. Judging from the results for AZ31 
obtained here ( *v ≈25b3), the activation volume is higher than the 10b3 predicted by 
Wei et al. for l* to become the rate limiting factor arising from grain boundary 
obstacles. However, the hcp structure for Mg with its limited slip systems and high 
stacking fault energy (~125 mJm-2) is more sensitive to changes in restrictions to 
dislocation motion as compared to fcc Cu especially in the presence of strong 
deformation textures [28, 112]. In other words, the continuity of grains during 
deformation must be satisfied by dislocation generation away from the grain interior. 
Taking the mechanical behaviors during tensile testing into consideration, the 
deformation mechanism of very fine grained AZ31 essentially begins by dislocation 
slip followed by twinning, but the ξ  length scale swept by dislocations is significantly 
lowered assuming l* is unchanged. With the absence of sufficient thermal activation at 
room temperature, dislocation climb is restricted while dislocation glide on pyramidal 
planes remain prohibitive with the very high critical resolved shear stress (CRSS). 
Although the interior of the grain becomes unfavorable for continued dislocation slip, 
the grain boundaries may act as sources and sinks for dislocations, where the 
annihilation of dislocations in or near the grain boundaries can take over to become a 
rate limiting process. Therefore, at the lowest strain rate, the yield strength and 
ductility can vary by almost 25 and 50% respectively for the very fine grained AZ31. 
This proves that with the large increase in the volume of grain boundaries, the effect 




Strain rate tests on ECAPed AZ31 indicated that the transition from coarse grained to 
very fine grained microstructure is accompanied by higher values of m and a 
considerable reduction in activation volume, *v . The increase in m and reduction in *v  
suggest that the deformation mechanism of very fine grained AZ31 is correlated to the 
grain boundaries, although it does not necessarily mean that there is a shift in the 
deformation mechanism or that rate controlling thermal processes like grain boundary 
diffusion or grain boundary sliding are dominant. Therefore, the results obtained here 
essentially fill the gap left by the studies that considered the effect of strain rates for 
Mg based alloys only at higher temperature while the grain size remain fairly coarse. 
Data here also supplement those conducted for UFG and NC fcc and bcc structured 
materials like Cu, Fe, Ta where strain rate sensitivity and activation volume are 






































Figure 6:10: Effects of strain rate on (A) yield stress, and (B) elongation of ECAPed 





















 strain rate 3.3x10-2
 strain rate 3.3x10-3
 strain rate 3.3x10-4



















 strain rate 3.3 x 10-2
 strain rate 3.3 x 10-3
 strain rate 3.3 x 10-4



























Figure 6.11: (A) Logarithmic plot of σ versus ε& , and (B) strain rate sensitivity 
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Figure 6:12:  (A) Plot of γ&ln  versus τ, and (B) activation volume with respect to 
different grain size. 
 














































1. Crystal structure examination using XRD reveals structural changes after ECAP 
such that basal planes (0002) increased in intensity. 
 
2. Tensile testing of the ECAPed AZ31 under standard strain rates at 141033.3 −−× s  
and at room temperature showed that the material was significantly strengthened. 
The yield strength of the samples after 4 ECAP passes was increased by over 
100% over the values of the unECAPed material. The strain hardening ability of 
the tensile samples after 4 ECAP passes was found to have reduced significantly 
over the unECAPed material. Overall, mechanical properties of ECAPed AZ31 are 
substantially better than those that are work hardened by conventional methods. 
The study proves that with recrystallisation during ECAP and in the absence of 
other strengthening mechanisms, grain refinement is the key factor that contributes 
towards the strengthening of AZ31 after ECAP.  
 
3. ECAPed AZ31 was observed to obey the Hall-Petch relation even after ECAP. 
The yield strength can be designed to peak around 250 MPa with a usable 
elongation around 7% accompanied by a homogenous microstructure made up of 
very fine grain size and strong deformation texture. The upper limit of yield 
strength for AZ31 is about 300 MPa. 
 
4. The origin of ductility for AZ31 after ECAP is due to texture. Results obtained 
here prove that the presence of a strong basal texture in the ECAPed AZ31 is the 
key reason for ductility enhancement over conventionally processed AZ31. The 
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contribution from grain refinement towards ductility is much less significant. 
However, since grain refinement is a product of recrystallisation during ECAP 
which essentially removes strain hardening effects of the deformation process, it 
complements texture to give further improvement in ductility if the grain size is 
around 10 to 15 µm.  
 
5. The effects of strain rate on the mechanical properties of the ECAPed AZ31 were 
investigated with respect to their corresponding grain size. Results showed that the 
very fine grained AZ31 exhibited elevated strain rate sensitivity and much reduced 
activation volume over the coarse grained AZ31 even at room temperature. It is 
very likely that the significant increase in grain boundary area after grain 
refinement causes the grain boundaries to act as dislocation sources and sinks that 
shift the rate controlling deformation mechanism from within the grain to the grain 
boundaries. Consequently the time dependent deformation behavior at room 
temperature could be observed in the material at room temperature and this affects 
the mechanical properties. The results prove that grain size, other than temperature, 
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Microstructural stability and mechanical properties of ECAPed 




Yield strength of AZ31 increased while ductility decreased after undergoing a 
multiple-pass ECAP process. Annealing at temperatures between 200 to 250oC was 
found to restore ductility significantly at a small expense of yield strength while 
annealing at temperatures above 250oC reduced yield strength without additional 
improvement to ductility. This chapter investigates the stability of the microstructure 
and deformation texture in ECAPed AZ31 during static annealing over a wide range 
of temperatures to study their effects on mechanical properties. The results showed 
that the mechanical properties of the alloy after ECAP can be positively influenced by 
annealing to achieve a combination of strength and ductility to tailor to the needs of 




It was shown in Chapter 6 that multiple pass ECAP on AZ31 resulted in a very fine 
grained microstructure that significantly strengthened the material. However, the 
ductility was reduced to about 7% even though the basal planes were found to be 
favorably aligned in a preferred orientation that helped to improve dislocation slip. It 
was concluded that the very fine grains were the limiting factor to the ductility of the 
ECAPed AZ31. While having high strength is important, ductility and toughness is 
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equally crucial in structural applications. Therefore, the primary aim of this chapter is 
to study the effect of temperature on the stability of the microstructure and texture of 
ECAPed AZ31 during static annealing and also their effect on strength and ductility. 
The identification of a suitable heat treatment after ECAP that is able to restore 
ductility while retaining high yield strength will be particularly useful for an overall 
improvement in the mechanical properties of AZ31.  
 
 
7.2 Experimental procedures 
AZ31 was subjected to 4 ECAP passes at 220oC via route BC. The as-processed billets 
were transversely sectioned into discs 5 mm in thickness and subjected to isochronal 
and isothermal annealing in an argon filled furnace. For isochronal annealing, the 
specimens were annealed for a fixed time (1hr) at temperatures ranging from 100 to 
500oC at 50oC intervals. For isothermal annealing, the specimens were annealed at 
fixed temperatures for times ranging from 10 to 300 min. The annealed discs were 
polished and etched for microstructural studies. Micro hardness was measured and 
grain sizes were calculated for the specimens. Pole figures and tensile tests were 
performed according the procedures described in Chapter 2. 
 
 
7.3 Results and discussion 
In Chapter 6, AZ31 was subjected to multiple pass ECAP process which increased 
yield strength but at a loss of ductility. The room temperature mechanical properties of 
the unECAPed and ECAPed AZ31 are compared in Table 7.1. As the main 
strengthening mechanism for the ECAPed material is from grain refinement, the 
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stability of the microstructure to retain its refined grain size is crucial in maintaining 
its strength. On the other hand, the reduction of ductility after ECAP limits the 
suitability of the material in structural applications although the yield strength is 
improved. Therefore, the mechanical properties of the ECAPed AZ31 after annealing 
heat treatments need to be studied to investigate the possibility of recovering ductility 
while maintaining sufficient yield strength. 
 
Table 7.1 
Mechanical properties of AZ31 before and after ECAP 






0-Pass (As-received) 116 12.6 51.3 




7.3.1 Annealing treatment of ECAPed AZ31 
Fig. 7.1 shows the change in microhardness for the AZ31 specimens after being 
subjected to isochronal annealing and Fig. 7.2 shows the corresponding grain sizes. 
Hardness was observed to decrease with increasing annealing temperature and the 
trend is consistent with the increase in grain size with increasing annealing 
temperature. A more detailed analysis of the graphs show that grain size increased 
significantly when annealed above 300oC, while grain size typically remained μ5≤ m 
at below 300oC. The TEM images in Fig. 7.3 show that the microstructure remain 













Figure 7.1: Microhardness as a function of isochronal annealing temperature for 












Figure 7.2: Grain size of ECAPed AZ31 as a function of isochronal annealing 
temperature. 


























































Figure 7.3: TEM pictures showing grain structure of AZ31 (A) after 4 ECAP passes 
and (B) after annealing at 200oC for 1 hr. 
 
 
The activation energy for grain growth for the annealing process was calculated from 









n exp                   (7.1) 
 
where d is the mean annealed grain size, do is the initial mean grain size, t is the 
annealing time, n is the grain growth exponent, ko is a constant, Q is the activation 
energy of grain growth, R is the gas constant and T is the absolute temperature. As a 
first approximation, the ideal value of n = 2 was assumed and by taking natural log on 
both sides of Eq. 7.1 and plotting ( )22ln odd −  against T/1 , the activation energy of 
 
1 µm A 
 
1 µm B 
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grain growth Q was calculated. Fig. 7.4 shows the graphical plot where Q/R is the 
slope of the straight lines. The graph shows two stages in grain growth kinetics during 
isochronal annealing where a Q of 94 kJ/mol was measured for annealing 













Figure 7.4: ( )22ln odd −  against T/1 for annealed AZ31.  
 
 
The Q value of 94 kJ/mol is close to the grain boundary diffusion energy Qgb for Mg 
(92 kJ/mol [97]) but lower than the lattice self diffusion energy QL of Mg (135 kJ/mol). 
This Q value indicates that grain growth through the reduction of grain boundary area 
via boundary migration is taking place after undergoing full recrystallisation at 
annealing temperatures above 250oC. This observation is similar to the results 
obtained for cold deformed AZ31 during the grain growth stage after recrystallisation 





















Annealing temperature 1/T (K-1)
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presented in Chapter 4. In other words, the stability of the microstructure at annealing 
temperatures above 250oC enters a grain growth stage described by Eq. 7.1 where the 
refined grain sizes can no longer be maintained. On the other hand, the abnormally 
low Q value of about 29 kJ/mol (~ 0.32Qgb) below 250oC seems to suggest the 
presence of non-equilibrium grains and large amount of extrinsic dislocation networks 
from the ECAP process which are more energetic and mobile, thus leading to a small 
Q value. Wang et al. [11] also reported abnormally low activation energy for grain 
growth for ECAPed Al-Mg alloy at lower annealing temperature range. It was 
reported that activation energy for grain growth in the higher temperature range 
(>550K) is close to Qgb for Al-Mg (Qgb = 90 kJ/mol for Al [97]) while in the lower 
temperature range Q was measured to be around 0.36Qgb. Wang attributed the low Q 
value at the lower annealing temperature range to the unrecrystallized microstructure 
with non-equilibrium grain boundaries containing a large density of dislocations. The 
presence of these non-equilibrium grain boundaries and the large density of extrinsic 
dislocations can exhibit significantly higher atomic mobility compared to the 
equilibrium grain boundaries. The similarities between the activation energy of Al-Mg 
and AZ31 in which both show a 2 stage grain growth process may imply that the grain 
growth of AZ31 below 250oC is also limited by largely unrecrystallized areas in the 
microstructure. However, the refined microstructure eliminated many of the non-
equilibrium grains and a portion of dislocation networks. Therefore it would not be 
valid to attribute the annealing process below 250oC to be dominated by 
recrystallisation through the elimination of non-equilibrium grains and dislocation 
networks. It is more likely that the annealing process below 250oC to be a combination 
of completing the removal of dislocation networks and limited grain growth of the 
recrystallized grains to quasi-stable state at which the annealing temperature is unable 
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to drive further grain growth at any appreciable rates. In another words, there is a 
transition in growth rate at about 250oC from that of a partial growth mechanism to 
that of a full grain growth mechanism via grain boundary diffusion. Therefore, the Q 
value below 250oC may be physically meaningless as it does not describe any single 
annealing mechanism. Another possibility for the abnormally low Q for AZ31 in the 
temperature range below 250oC may be due to the temperature dependence of the 
apparent diffusivity Dapp. The latter may be expressed as [88]:  
 
plapp DgDD ⋅+=          (7.2) 
 
where Dl is diffusion through the lattice, Dp is diffusion through dislocations (or 
“pipe” diffusion) and g is the cross-sectional area of “pipe” per unit area of matrix. 
Since the ECAPed AZ31 has microstructure consisting of recrystallized grains, Dapp at 
lower annealing temperature is low may be because of the lack of driving force to 
effectively drive diffusion through the lattice or the grain boundaries. More 
importantly, with a low density of dislocations (hence low value of g) in the ECAPed 
AZ31 due to recrystallisation, pipe diffusion through dislocation is limited and hence 
an insufficient atomic flux cannot be driven to the grain boundaries to satisfy the 
growth equation described by Eq. 7.1. Therefore, the apparent driving force of grain 
growth kinetics measured at the lower annealing temperatures does not reflect the true 
effective diffusion process at the boundaries. On the other hand, apparent diffusion at 
higher annealing temperatures by lattice and grain boundary diffusion is rapid and 
hence the measured Q reflects a value close to Qgb regardless whether pipe diffusion is 
present as the atomic flux from pipe diffusion will still be small. Extending this 
argument, the stability of ECAPed AZ31 can be considered to have been extended by 
Chapter 7 
174 
virtue of the recrystallized microstructure through the removal of dislocations during 
the ECAP process. This is to say that large grain growth can be delayed to higher 
annealing temperatures and the data here have shown that the relatively fine 
microstructure in the 5 µm range can be retained up to 300oC. The benefits of this 
finding will be investigated in Section 7.3.2.  
 
 
7.3.2 Mechanical properties of ECAPed AZ31 after annealing 
The relationship between the microhardness Hv and grain size d can be represented by 
the Hall-Petch type relationship: 
 
2/1−+= KdHH ov          (7.3) 
 
where Ho and K are material constants. Fig. 7.5 shows the Hall-Petch relationship for 
the annealed AZ31 and it can be observed that the data points fall largely in a straight 
line. The value of Ho and K from the graph is 49 and 35 Hv respectively and compares 





















Figure 7.5: Hall-Petch relationship for microhardness of annealed ECAPed AZ31. 
 
 
To investigate the effects of annealing on the mechanical behaviors of the ECAPed 
AZ31, tensile specimens prepared from billets that have undergone 4 ECAP passes at 
220oC via route BC were annealed for 1 hr in an inert ambience at different 
temperatures. The true stress-strain curves of the tensile specimens are shown in Fig. 
7.6 while the yield stress and ductility versus annealing temperature are shown in Fig. 
7.7. The yield stress of AZ31 after 4 ECAP passes is about 250MPa with ductility of 
7%. In general, all the AZ31 specimens regained ductility with some loss of yield 
strength after annealing. However, it is interesting to note that after annealing the 
specimens at 200oC for 1 hr, there is a peak increase in ductility of about 20% while 
the yield strength is only marginally reduced to about 220MPa. However, specimens 
annealed above 250oC show no further improvement in ductility but instead decrease 
to an average of about 14.5%. Yield stress also decreases  significantly  to  about   150  












































Figure 7.7: Yield strength and % elongation at failure as a function of annealing 
temperature for AZ31 after 4 ECAP passes. 






























































and 125 MPa after being annealed at 300 and 500oC for 1 hr respectively. The results 
suggest that there exists an optimal annealing temperature at 200oC where there is 
high ductility regained without significant loss in strength. This temperature coincides 
approximately with the transition point where the change in growth mechanism was 
observed in Fig 7.4. The combination of high ductility and yield strength after 
annealing at 200oC appears to be the result of strain relaxation while retaining a 
reasonably refined microstructure, while the large decrease in yield stress at higher 
annealing temperatures may be caused by extensive grain growth. To further verify 
whether or not annealing time is a factor, AZ31 tensile specimens after 4 ECAP passes 
were annealed at 200oC from 30 to 300min. The yield strength and ductility of the 
specimens are shown in Fig. 7.8. It can be seen that between 60 to 300 mins of 
annealing, the yield strength and ductility remains at a fairly consistent level of 

























Figure 7.8: Yield strength and % elongation at failure as a function of isothermal 
(200oC) annealing time for AZ31 with 4 ECAP passes.  
 
 
The texture of the AZ31 specimens annealed for 1 hr at 200, 350 and 500oC were 
examined and their respective pole figures are shown in Fig. 7.9. The pole figures 
show that for the specimens annealed at 200oC, the orientation of the (0002) basal 
planes remains relatively strong at 40 to 50o offset in the extrusion direction, while the 
(10 1 1) planes maintained its relative intensity. In other words, the basal texture 
typical of AZ31 after ECAP is largely preserved even after annealing at 200oC. This is 
not surprising because there are no phase changes or extensive grain growth after 
annealing at 200oC. Favorable basal texture aligned to assist in basal dislocation slip 
gives the annealed ECAPed AZ31 a unique combination of strength and ductility 
(refer to Fig. 7.7). The texture enables a majority of the grains to have an orientation 
favourable for dislocation slip on the dominant basal plane with a Schmid factor near 
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the maximum of 0.5 [19]. To further prove the point, pole figures of annealed 
specimens at 350 and 500oC showed that the relative intensity of (0002) basal texture 
has weakened significantly with the decrease in the dominant preferred orientation 
through grain growth [113, 114] which has caused a significant softening of the 
material. At annealing temperatures above 350oC, the grains grow with a preference 
for the prismatic planes and replace the predominant basal texture with prismatic 
texture [113]. This explains why the ductility of the coarse grained AZ31 after 
annealing decreases to the “normal” 12 to 15% range from the texture assisted 20%. 
The results obtained show that it is possible to improve both strength and ductility of 
AZ31 via ECAP through control of grain structure, maintaining a fine grain size and 








































Figure 7.9: Pole figures of ECAPed AZ31 after annealing at 200, 350 and 500oC for 1 
hr. 
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1. The stability of the ECAPed microstructure for AZ31 was investigated by 
subjecting the specimens to annealing over a wide range of temperatures. The 
activation energy Q of grain growth measured for the ECAPed AZ31 annealed 
above 250oC was 94 kJ/mol (~ Qgb or 0.7QL) while a low Q of 29 kJ/mol (0.32Qgb) 
was measured for specimens annealed below 250oC. The results suggest a 2 stage 
growth process in which grain growth at higher temperatures proceeds via grain 
boundary diffusion while the low Q may be the consequence of low dislocation 
density in the recrystallized structure being unable to provide sufficient atomic 
flux for grain growth at low annealing temperatures. The stability of refined 
microstructure is stable up to 250oC, maintaining a grain size below 5 µm. 
 
2. The mechanical properties of the ECAPed AZ31 after annealing exhibited 
interesting results. Annealing at 200oC restores ductility significantly at a small 
expense of yield strength. Annealing at higher temperatures reduces yield strength 
without additional improvement to ductility. The experimental evidence 
demonstrates that the elimination of defects, fine grained microstructure and 
strong basal texture after annealing at 200oC enhances ductility while retaining 
yield strength. The ECAP texture at higher annealing temperatures is weakened by 
grain growth. It is shown here that the overall mechanical behaviors can be 
improved for AZ31 via ECAP followed by a suitable annealing heat treatment. 






1. F.J. Humphreys, M. Hatherly, Recrystallisation and related annealing 
phenomena. 1995, Oxford: Pergamon. 
2. H.J. Frost, M.F. Ashby, Deformation mechanism maps. 1982, New York: 
Pergamon press. 
3. J. Wang, Y. Iwahashi, Z. Horita, M. Furukawa, M. Nemoto, R.Z. Valiev, T.G. 
Langdon, Acta Mater., 44 (1996), 2973. 
4. D.A. Porter, K.E. Easterling, Phase Transformations in metals and alloys. 1992, 
London: Chapman & Hall. 
5. M. Furukawa, Z. Horita, M. Nemoto, R.Z. Valiev, T.G. Langdon, Mater. 
Charac., 37 (1996), 277. 
6. H.K. Kim, W.J. Kim, Mater. Sci. Eng. A, 385 (2004), 300. 
7. S.R. Agnew, J.A. Horton, T.M. Lillo, D.W. Brown, Scripta Mater., 50 (2004), 
377. 
8. M.T. Pérez-Prado, O.A. Ruano, Scripta Mater., 46 (2002), 149. 












This study of AZ31 processed by ECAP yielded new insights through numerical and 
experimental investigations. 
 
Strain inhomogeneity in an ECAPed workpiece can be minimized by designing the 
appropriate die and choosing the optimal processing parameters. The length of a 
workpiece for ECAP should preferable be at least 5 times its width for a sufficiently 
steady strain region in the middle section of the workpiece to be developed. Φ should 
be between 90 to 100o with Ψ = 20o. A practical pressing speed of 2 to 10 mm/s can be 
used with lubricants to reduce friction. A single pass ECAP process is unable to 
produce strain homogeneity in the workpiece. Route BC is preferred in achieving 
strain homogeneity with a minimum of 4 passes. 
 
The recrystallisation temperature of cold deformed AZ31 was found to be a function 
of deformation strain. At low strains ( 1.0<ε ), recrystallisation was found to occur 
only at above 200oC. By increasing strain ( 3.0>ε ), recrystallisation temperature 
decreased to about 150oC. The Avrami exponent of recrystallisation n was found to be 
a function of temperature and strain, with values ranging from 1.6 to 3.4 with 
increasing annealing temperature and deformation strain. This was found to be due to 
the non-random nucleation of recrystallisation nuclei in which recrystallisation 
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preferentially occurs along grain boundaries and within shear bands. The grain growth 
exponent n was found to vary between 2.4 and 3.8.  
 
Results showed that the grain refinement mechanism for AZ31 during ECAP is a 
thermomechanical process initiated by mechanical shearing and subsequently through 
recrystallisation and growth of recrystallized nuclei and also subgrain cells to produce 
refined and equiaxed grains within one ECAP pass. Multiple ECAP passes showed 
that further grain refinement can be achieved with every additional pass. It was 
observed that temperature played a key role in the effectiveness in the grain 
refinement of Mg by ECAP in addition to the processing route and the amount of 
strain accumulation.      
 
Yield strength of ECAPed AZ31 was observed to increase. The main strengthening 
mechanism was found to be grain refinement. Present results also showed that the 
ductility of ECAPed AZ31 was strongly influenced by ECAP texture. Very fine 
grained AZ31 showed strain rate sensitivity at room temperature. 
  
An optimum combination of improved yield strength and ductility for AZ31 after 
multiple-pass ECAP can be achieved by using a suitable post process annealing at 








8.2 Recommendations for future work 
8.2.1 Recrystallisation kinetics and grain growth of other Mg alloys 
AZ31 is a single phase Mg alloy. Kinetics and mechanisms for recrystallisation and 
grain growth which are applicable to AZ31 may not directly be extendable to other 
Mg alloy systems like the popular AZ61 (Mg 6%Al 1%Zn) and AZ91 (Mg 9%Al 
1%Zn) that contain second phase Mg17Al12 precipitates. The presence of hard particles 
dispersed in the matrix of the material alters the recrystallisation temperature and 
kinetics, which need to be studied to understand their effects on the annealing 
processes for Mg.  
 
8.2.2 Further studies on the mechanical properties on ECAPed Mg alloys 
Fatigue and high temperature creep can be valuable tests to further study the 
mechanical properties of ECAPed Mg alloys. Currently, there are limited studies in 
these areas to understand the relationship between grain size and texture with fatigue 
and creep properties at elevated temperatures. These properties are especially 
important for Mg alloys intended for service in environments above room temperature. 
 
8.2.3. Further studies on ECAP involving powder metallurgy 
Current processes to fabricate parts from Mg powders with ultrafine grain size or 
nanocrystalline structures usually involve some form of consolidation followed by 
sintering. Sintering to obtain a dense part usually causes grain growth which can be 
undesirable if ultrafine grain size needs to be preserved. Multiple pass ECAP with 
back pressure may be a potential alternative to consolidate and sinter greens that are 
fully dense and also able to preserve the ultrafine grain size.  





Table A: Data for Figure 6.5 
Sample 0.2% Yield Strength (MPa) 
Failure Strain 
(%) 
ECAP 0 Pass 115.4 ± 20.0 12.3 ± 1.2 
ECAP 1 Pass 176.2 ± 9.3 19.7 ± 1.5 
ECAP 2 Pass 203.6 ± 10.2 20.1 ± 1.2 
ECAP 3 Pass 241.1 ± 12.1 11.5 ± 1.0 
ECAP 4 Pass 248.7 ± 20.0 7.9  ± 1.8 
 
 
Table B: Data for Figure 7.7 
Sample 0.2% Yield Strength (MPa) 
Failure Strain 
(%) 
ECAP 4 Pass 248.7 ± 20.0 7.9 ± 1.8 
Anneal 150oC 228.4 ± 21.1 11.8 ± 1.7 
Anneal 200oC 231.6 ± 24.6 20.4 ± 2.1 
Anneal 250oC 178.1 ± 12.3 18.8 ± 1.4 
Anneal 350oC 141.0 ± 14.1 13.6 ± 1.2 
Anneal 500oC 125.7 ± 7.9 14.3 ± 1.3 
 
 
 
